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Abstract

We examined the interaction between adatoms and graphene for Ag, Cd, In and Hg by density functional theory. We estab-
lish a relation between the binding energy and the electric-field gradient tensor (EFG) for each atom, which indicates that
hyperfine interactions can be used to probe the binding and stability of adatoms on graphene. The EFG is also shown to be
a fingerprint for the local configuration, even at the sub-Angstrom scale. This work demonstrates how suitable hyperfine
methods, such as perturbed angular correlation spectroscopy, can be used to experimentally unravel details of atomic adsorp-

tion on graphene, and by extension on two-dimensional materials in general.
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1 Introduction

Graphene properties are intimately dependent on the two-
dimensionality (2D) of its structure [1-3]. Being a single
atomic layer, the adsorption of guest atoms (adatoms) or
molecules (admolecules) has a strong effect on the proper-
ties of graphene. Adatoms and admolecules are therefore
a promising way to modify the properties of graphene and
engineer a specific functionality that can be used in tech-
nological applications. Several studies have reported that
structural, electronic and magnetic properties of graphene
can be manipulated using adsorption of atoms, individually
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or organized in clusters [4—7]. Understanding the adsorp-
tion process of certain species on graphene requires study-
ing their position stability relative to the underlying carbon
honeycomb lattice [8].

Techniques such as scanning tunnelling microscopy
(STM) [9] and transmission electron microscopy (TEM) [10]
have been extensively used to characterize the topographic
and local electronic structure of graphene—adsorbent sys-
tems. Here, we investigate to what extent the electric field
gradient (EFG) can be used to probe the adatom—graphene
interaction, adsorption stability, and local atomic configu-
ration, owing to the high sensitivity of the EFG to changes
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in the local charge distribution. The EFG can be measured
experimentally via its interaction with the nuclear electric
quadrupole moment of a suitable probe atom, using tech-
niques such as nuclear quadrupole resonance (NQR), Moss-
bauer spectroscopy (MS) or perturbed angular correlation
(PAC) technique. Such measurements are particularly sensi-
tive to changes induced by lattice distortions, such as host
impurities or defects [11, 12] because they modify the local
electrostatic potential, thus creating its own characteristic
EFG. Therefore, the process of adsorption, spatial configu-
ration and the stability of a certain adatom on graphene can
be directly related to the experimentally determined EFG.

The EFG is a traceless symmetric rank 2 tensor, defined
as:

1
Vij = (Dij - §Tr((15) (1)

where ®@(7) is the electric potential due to the electron cloud
at the nucleus position (7 =0) and ®; is defined as

o
(D,-j = % [11, 13]. The tensor is symmetric due to the com-
[adev]

mutation of the second partial derivatives of the electrostatic
potential @(¥), and it is also traceless at the probe site by
definition, since the nucleus is approximated to a point charge
from the point of view of the external electronic charge. The
axis system can be defined in a way that the EFG tensor rep-
resentation has only three non-vanishing diagonal compo-
nents defined as |V, | > |V,,| > |V,,|. For simplicity, it is
common to characterize the EFG tensor by its main compo-
nent V_, and the axial asymmetry parameter, #, defined by:

Vi = Var

n=— ()

2

taking into account that the three remaining degrees of free-
dom are characterized by the Euler angles that correlate the
principal axis system where the EFG is diagonal with the
axis system where the laboratory is defined.

A precise calculation of the entire electronic configuration
of graphene and the adatoms can be performed using density
functional theory (DFT). DFT calculations have assumed
an important role in experimental data interpretation of the
EFGs measured with hyperfine techniques [14-16].

This paper presents a set of DFT studies of electronic
structure and EFG tensor for selected adatom elements on
graphene: Ag, Cd, In and Hg. In our previous work [17], we
have shown that it is possible to distinguish dilute Hg con-
figurations from monolayer configurations, based on experi-
mentally measured EFG values. Here, we show that for other
elements, under adequate conditions, it is possible to obtain
much more detailed insight into the local atomic configura-
tion (even distinguishing the adsorption site in the dilute
regime), as well as on the structural stability and charge
distribution around a probe adatom. We chose the Ag, Cd, In
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and Hg adatoms since they are already widely studied using
PAC spectroscopy due to the availability of suitable isotopes
(with favourable and well-established decay schemes and
nuclear moments). These calculations provide insight on the
stability of various adsorption configurations and its relation
with the EFG tensor. In particular, it sets the basis for a new
experimental approach that is currently being developed at
the ISOLDE facility at CERN [18], using the ASPIC setup
(Apparatus for Surface Physics and Interfaces at CERN)
[19], where a multitude of radioactive isotopes can be depos-
ited and measured in situ with PAC spectroscopy.

2 Computational methods

The DFT calculations were performed using wien2k [20],
which implements the linearized augmented plane wave
(LAPW) method [21-23]. This method divides space into
non-overlapping spheres described by spherical harmonics
and the interstitial region, described by plane waves. It is an
all-electron code (employing the full charge distribution of
all electrons) and for this reason particularly suited to cal-
culate hyperfine parameters. The muffin-tin radii were set to
1.29 and 1.70 atomic units, for the carbon atoms and for the
adatoms, respectively. The number of plane waves is set by
the parameter R,, X K, = 5.5, where R, = 1.29 a.u. (the
radius of the smallest sphere).

The nominal concentration of the adatoms with respect to
the number of carbon atoms in the unit cell was 6 = 1/18,
corresponding to a 3 x 3 (C-hexagon) supercell, with a grid
of 10 X 10 x 1k-points. This nominal concentration ensures
that there is virtually no interaction between adatoms to com-
pete with the interaction with the graphene layer [17]. Three
sets of calculations for each adatom were performed for the
different adsorption sites with the highest symmetry (Fig. 1):
the hollow (H) site, the top (T) site and the bridge (B) site. An
additional configuration was also considered in the calcula-
tions: an hexagonal monolayer with the atoms in a sequence
of H-T-T sites (therefore designated here as HTT configu-
ration), with a concentration of & = 3/8 with respect to C
atoms, with an in plane interatomic distance (2.841&) which
is comparable to solid Ag, Cd, In and Hg, in bulk. The HTT
configuration is equivalent to a (111) plane of a cubic lattice,
which is a typical interfacial structure between graphene on
various <111>-oriented metal substrates (e.g. Al, Au, Pd and
Pt) [24]. A vacuum spacing of at least 16 A between adjacent
layers is used, to minimize interlayer interactions [17].

The calculations did not consider spin polarization. The
generalized gradient approximation (GGA-PBE) [25] with van
der Waals correction (DFT-D3) [26] for the exchange correla-
tion functional was used. The experimental lattice parameter
a = b = 2.46A, which is close to the optimized parameters
with GGA (2.47 10\) for undoped graphene, was adopted [17].
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Fig.1 Atomic configurations considered in the calculations: a 3 X 3
supercell for adatoms at the hollow site (H) on graphene, correspond-
ing to a nominal concentration of # = 1/18 with respect to the num-
ber of carbon atoms; b the monolayer in a HTT configuration, with
nominal concentration of = 3/8; ¢ the three high-symmetry posi-
tions on graphene, i.e. the hollow (H) site above the centre of the hex-
agon, the top (T) site on top of the C atoms, and the bridge (B) site
above the middle of the C—C bonds; d graphene—adatom distance d

3 Results

We start by analysing the isolated adatom regime
(6 = 1/18), for the different high-symmetry positions (H,
T, B). Figure 2 shows the adsorption energy curves of the
graphene—adatom system, as a function of graphene—adatom
distance d for Ag, Cd, In and Hg. The adatom stability on

graphene is related to the adsorption energy (E,4) which
can be defined as:
Eads = EG+adatom - EG - Eadatom 3

where E,,q.0m 1 the energy of the system graphene plus
adatom and E; and E, 4, are the energy of graphene and
the energy of the adatom, respectively. Larger absolute val-
ues of the adsorption energy correspond to stronger binding
of the adatom to the surface of graphene. The binding energy
(E,) is defined as the absolute value of the minimum of the
adsorption energy at a corresponding equilibrium distance
(d,y)- Each adatom element (Ag, Cd, In and Hg) presents
qualitatively similar shapes of the adsorption energy curve
for the various high-symmetry sites (H, T, and B). How-
ever, both Ey, and d,, depend on the adatom element and
adsorption site (Table 1). Apart from the Ag case, for which
the binding energy reaches its highest value for the T-site
(274 MeV), all the other adatoms have their highest bind-
ing energy at the H-site. Among the elements studied here,
in the dilute regime (@ = 1/18), we can conclude that In
has the highest binding energy (666 MeV), and Hg the low-
est (186 MeV). Also, with increasing binding energy, the
corresponding graphene—adatom distance tends to decrease
and therefore In stabilizes closer to the surface of graphene
(d,q = 2.63 A) compared to Hg (d,, = 3.45 A).

Next, we compare the stability of the isolated adatoms
(6 = 1/18) to the HTT monolayer configuration (0 = 3/8).
Figure 3 displays the adsorption energy per adatom as a
function of graphene—adatom distance, for Ag, Cd, In and
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Fig.3 Adsorption energy per adatom of the HTT configuration
(6 = 3/8) as a function of distance, d, for Ag, Cd, In and Hg

Hg in a HTT configuration. The respective binding energies
are also compiled in Table 1. When the adatoms assume the
HTT configuration on graphene, Ag has the largest binding
energy (420MeV) in contrast to In, with the lowest bind-
ing energy (330 MeV). For all the studied elements, the iso-
lated adatom regime is predicted to have the highest binding
energy per adatom (thus more stable) when compared to the
HTT monolayer configuration.

In addition to the adsorption energies discussed above, for
each configuration, we calculated the respective EFG param-
eters (V_, and 7). Since, only the isolated configuration on B
sites, which is never the most stable position, exhibits a non-
vanishing # value, we will solely focus on the V, parameter.!

The first key observation is that different configurations
are associated with different values of V_, (Table 1). In par-
ticular, the V_, value is always significantly larger for the
HTT configuration, compared to the stable isolated site.

Before discussing what kind of information can be
experimentally assessed based on measurements of the EFG
parameters, we first comment on the observed dependence
of the V_, on the distance d between the adatom and the gra-
phene layer in the most stable position of the dilute regime
(0 = 1/18). In Fig. 4, the absorption energy and the V_, (for
each adatom element in the respective stable site, i.e. H or
T) is plotted as a function of distance d (in ~ 10 pm steps)
in the vicinity of the equilibrium position d.

Figure 4 shows that the sensitivity of V. to changes in d
(4V,,/ Ad) varies significantly among the different elements.
Indium, which among the considered elements exhibits the
highest binding energy and V,, (25.0 V A2), also shows
the largest EFG sensitivity (4V,./Ad = 2.50 V A‘Z/pm). To
further analyse the trend across the different elements, let
us define a relative variation, i.e. dividing AV,,/Ad by the
absolute value of the V., at the equilibrium distance (V3.),
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and expressing it as a percentage | (4V,,/Ad)/ V' | x100%.
These values (1.9%, 2.1%, 2.8% and 10% per pm, for Hg, Cd,
Ag and In, respectively) are plotted in Fig. 5 as a function
of the calculated binding energy (E,).

Figure 5 shows that, for the most stable position of the
dilute adatom regime (@ = 1/18), there is a monotonous
increase of EFG sensitivity with increasing E,. This fol-
lows a similar trend to the absolute value of V, as a function
of E,, hence being correlated with the strength of the gra-
phene—adatom binding in the isolated adatom regime . This
relation can be understood based on the fact that the binding
and the EFG have a common origin: orbital overlap (charge
sharing) between the adatom and the graphene layer.

In order to gain further insight into how the binding (i.e.
the electronic density distribution) is related to the EFG, we
analysed the contributions to EFG from the orbitals involved
in the binding (for each adatom element in its equilibrium
position). The EFG inside the spheres can be analysed by
separating the atomic-like functions into contributions cor-
responding to Gaunt numbers with different pairs of angular
orbital momentum numbers [11]: p—p, d—d (s—d and p—f),
which may be interpreted as electrons from the correspond-
ing orbitals contributing to the EFG. For all the cases, the
most significant contribution to the V,_, comes from p—p
orbitals. The large difference between the most (In) and least
(Cd) sensitive element, in terms of V_,, results from the dif-
ferent amounts of p-orbital superposition.

To further illustrate the relation between the binding
and the EFG, Fig. 6 shows the charge distribution and
the charge isolines in the adatom—graphene system, from
which the degree of charge sharing can be inferred. The
highly symmetric charge distribution, with circular iso-
lines of the outer electronic shells of the adatoms for the
case of Cd and Hg (d orbitals fully-filled), leads to low
V., values (—2.4 V/A? and —6.6 V /A2, respectively). On
the other hand, the higher V_, values observed for In and
Ag (25.0V/A? and —12.5V/A2, respectively), are a con-
sequence of the non-spherical charge distribution around
the adatom (with s and p incomplete orbitals for In and
Ag, respectively), caused by the strong interaction with
the graphene lattice.

In other words, stronger charge sharing implies a
stronger binding and more pronounced asymmetry of the
outer electron shells along the binding direction, which in
turn tends to produce a larger V__ and a stronger sensitivity
of V__ to variations in d (since an increasing d is associated
with a decrease in charge sharing). This notion is further
supported by the fact that the same trend is not observed
for the monolayer (HTT) regime, since there the EFG is

I For H and T sites n must necessarily be zero, since the z-axis is a
threefold rotation axis.
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Table 1 High-symmetry positions, binding energy (E,) and corre-
sponding distance (deq), EFG parameters (V_, and ), stable isolated
site (i.e. site with highest binding energy in the isolated configura-
tion) meta-stable position (i.e. site with the second highest binding
energy in the isolated configuration) and respective energy barrier for

hopping between stable sites (4E,,, i.e. energy difference between
stable and meta-stable sites), for isolated adatoms (6 = 1/18) and the
HTT configuration (6 = 3/18), for adsorbed Ag, Cd, In and Hg on
graphene

0 Concentration Position Ey (meV) deq (A) V.. (V/AZ) n Stable iso- Meta-stable AEhop (meV)
lated site isolated site
Ag 1/18 H 252 3.10 =07 0.00
1/18 T 274 2.90 —125 0.00 T B 5
1/18 B 269 3.00 1.0 0.24
3/8 HTT 140 3.45 65.10 0.00
Cd 1/18 H 201 3.43 —-24 0.00
1/18 T 181 3.60 —0.30 0.00 H B 7
1/18 B 194 3.44 —0.49 0.36
3/8 HTT 115 3.60 227.10 0.00
In 1/18 H 666 2.63 25.0 0.00
1/18 T 645 2.73 -1.6 0.00 H B 14
1/18 B 652 2.71 8.4 0.90
3/8 HTT 110 3.75 149.04 0.00
Hg 1/18 H 186 3.45 —6.6 0.00
1/18 T 178 3.46 —13.8 0.00 H B 6
1/18 B 180 3.49 -19.0 0.27
3/8 HTT 124 3.60 489.70 0.00
Fig.4 V_ at the adatom site and Rk 10 1
adsorption energy as a function c m l, = .
of distance d for the most stable g ' e g e
site: Ag (in a T site), Cd (in a goao{ | - , 0B 10
H site), In (H) and Hg (H). The g e [0-35‘"" /pm 3 'z
sensitivity of V, to the distance £ s P el R " %
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rium position, is represented by 2 . i - 2 o
a cross: the horizontal line has 8 “
a length of Ad = 20 pm, i.e. of . .
the order of the d steps used in T 2 3.0 32 34 ’ Y
the calculations; the vertical line - 1 ) ‘
has a length 4V_, correspond- e : s e e
ing to a Ad = 20 pm around the n S P
equilibrium position; the value S s @ = e
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2 & S =&
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dominated by contributions from the neighbouring metal
atoms (in the isolated adatom regime, this contribution is
negligible), masking the effects of the interaction with the
graphene lattice.

Finally, we discuss how the calculated EFG parameters,
which strongly depend on the local charge distribution, can
be used in an experimental setting to study the binding

and spatial configurations of adatoms on graphene. This
involves comparing the EFG values calculated for possi-
ble configurations to those measured experimentally using
hyperfine techniques.

Perturbed angular correlation (PAC) spectroscopy is a
particularly suited technique to measure the EFG param-
eters. In order to illustrate what kind of information can

@ Springer
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Fig.5 Relative variation of V., (| (4V,,/Ad)/VZ]) in the vicinity
of the equilibrium position, and absolute value of V_, as a function
of binding energy, for Ag, Cd, In and Hg adatoms, in the most stale
position of the isolated regime (8 = 1/18)

be obtained from PAC experiments on atomic adsorption
on graphene, we take the case of In, for which the EFG
shows the highest sensitivity among the elements consid-
ered here. As an isolated adatom, In exhibits a migration
barrier (4E,,, along H«—B paths) of ~ 14MeV which
corresponds to a threshold temperature for diffusion of
the order of 5 K. This value was estimated using an Arrhe-
nius model for thermally activated diffusion: A = vye 7,
where A is the rate of thermally activated jumps, v is the
attempt frequency (which we take as v, = 101?571, of the
order of the lattice vibrations), kz the Boltzmann constant

Fig.6 Charge density (in units
of e/A%) of the graphene—
adatom system for the stable

site and equilibrium distance of . +0,0100
each adatom element: Ag (in a D +),1080
T site), Cd (in a H site), In (H) . +0.2060
and Hg (H). The respective cal- )

culated V_ is given in the inset. D +0,3040
The orbital overlap decreases . +0,4020
from In to Ag and then to Hg . +0,5000

and Cd. As discussed in the
text, the orbital overlap (charge
sharing) is closely related to the
binding strength and the EFG
parameters

@ Springer

and T the temperature. We can then estimate the tempera-
ture regime associated with jumps between neighbouring
sites within a certain time scale. For AE;,, = 14 MeV, the
temperature associated with 1 jump between neighbouring
H sites within 1 min (60 s) window is 5 K.

In an experimental scenario, this implies that if In atoms
are randomly deposited on graphene at liquid He tempera-
tures, the mobility will be sufficiently low to allow to study
In adatoms in their most stable high-symmetry site in an
ideal (defect-free) graphene surface (H sites, based on the
calculations presented here). At higher temperatures, with
increasing mobility on the graphene surface, the adatoms
would likely diffuse and become trapped in defective regions
(e.g. graphene edges, Stone Wales defects, vacancies, grain
boundaries) [27-29].

For PAC experiments on In, the decay of ''7Cd to the
315 keV excited state of ''7In through the 660 keV interme-
diate state (where the PAC measurement takes place) with
spin of 3/2~ and 53.6 ns half-life is well established [30].
PAC is a time differential statistical measurement where the
observable is the decay histogram of two consecutive y-rays
in coincidence. Taking into account the half-life of the men-
tioned probing state, no more than 400 ns (approximately 8
half-lives) can be resolved with enough statistics. Therefore,
we estimate a limit such that half a period of the character-
istic PAC perturbation function can still be resolved, i.e.
400/2 ns, leading to a minimum value of V_, to be experi-
mentally determined of 1.8 V//&z, with an uncertainty of
about 2 % estimated from the uncertainty associated with the
quadrupole moment. This implies that based on PAC meas-
it would be possible to distinguish the two

urements of V,,

Ve = —6.6V/A°
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main regimes of In adatom concentration on graphene, i.e.
between isolated In adatoms (6 = 1/18) withV_, =25V /AZ
and the HTT monolayer (0 = 3/8) V,, = 149 V /A%

Furthermore, in the isolated adatom regime, an experi-
mental measurement would allow to identify which high-
symmetry sites are occupied by In adatoms on graphene, and
determine the adatom—graphene distance with high (sub-A)
precision (Table 1). Although according to the calculations
presented here, for In adatoms on free standing graphene, the
equilibrium configuration is that of isolated In adatoms on H
sites, other configurations may be populated under the effect
of additional parameters, such as an underlying substrate or
applied fields.

Similar considerations could be done, for example, for
Ag, although in that case, the T site was predicted to be the
equilibrium site. Upon random deposition of sub-monolayer
amounts of Ag at a sufficiently low temperature, the isolated
state would, in principle, be observed. For higher concentra-
tions, and with increasing temperature (thus increasing the
mobility of the Ag adatoms), the monolayer configuration
and its associated higher V_, could eventually be observed.

Although the calculations presented here suggest that the
dilute configuration is more stable than monolayer configu-
rations, if we increase the concentration of adatoms segrega-
tion should occur. Moreover, shifts of the Fermi level due
to defects or specific substrates may affect the electrostatic
interaction between the adatoms and thereby stabilize mon-
olayer configurations. Such experiments can be performed,
for example, using the ASPIC setup at the ISOLDE facil-
ity at CERN [19], where adatoms can be deposited at low
temperature, down to liquid He, and PAC measurements can
be performed in situ as a function of temperature. While
ASPIC has been previously used to investigate structural
and magnetic properties of metal surfaces (e.g. Ni and Pd)
[19], the calculations presented here show the potential of
hyperfine techniques in the context of adatoms on graphene
and on two-dimensional materials in general, by extension.

One of the advantages of this approach is that it allows to
locally probe the adatom without affecting it, i.e. avoiding
the influence of external probes, such as the tip of a scanning
probe microscope or the intense electron beam of a transmis-
sion electron microscope. Additionally, a PAC spectrum can
be measured with as little as 5'° probe atoms, correspond-
ing to a coverage of 0.01% for a typical 5 X 5 mm? sample,
i.e. the approach can be applied down to extreme levels of
adatom dilution. Moreover, measurements are compatible
with applied electric or magnetic fields [19].

Also very important, our calculations strongly indicate
that the amount of information that can be addressed via
the EFG parameters (sensitivity of the V. to changes in the
atomic configuration) increases with the stability (binding
energy), i.e. that the more robust the graphene—adatom sys-
tem, the more prone it is to be studied using this approach.

In future studies, it would be interesting to extend these
calculations to, for example, transition elements such as 3d
transition metals or 4f rare earths. Not only can these ele-
ments be expected to exhibit even higher binding energies
than In (e.g. in excess of 1 eV for Fe, Co and Ti [5]), and
therefore even higher sensitivity of the EFG to structural
observables, magnetic properties (e.g. local moment, mag-
netic order, etc.) could also be addressed via the magnetic
hyperfine interaction.

4 Conclusions

For In, Ag, Cd and Hg, the isolated adatom regime is pre-
dicted to be the equilibrium configuration, which is more
stable than the continuous monolayer configuration. In the
isolated adatoms regime, the equilibrium site for Cd, In and
Hg is found to be the H site; for Ag the T site.

The binding energy associated with the equilibrium con-
figuration varies significantly among the elements consid-
ered here, from 110 MeV for a continuous In monolayer, to
666 MeV for isolated in adatoms.

In the most stable positions in the isolated adatom regime,
a close relation was found between the binding stability
(binding energy) and the sensitivity of the V,_, parameter.
We interpret this relation as due to the shared origin of the
graphene—adatom binding and the associated EFG at the
adatom site: the orbital overlap (charge sharing) between
the single adatom and the graphene layer and the associated
asymmetry of the outer electron shells along the binding
direction. Based on this relation, we propose that the V,
parameter, which can be measured using hyperfine tech-
niques, can be used in an experimental setting to probe the
stability of atomic adsorption.

Furthermore, the EFG is found to be sensitive to the
local atomic structure, distinguishing isolated from mon-
olayer configurations, and for some cases, allowing to iden-
tify the high-symmetry site occupied by the adatoms and
even monitor small variations in graphene—adatom distance
with sub-A precision. In particular, our calculations indicate
that the level of detail that can be addressed via the EFG
parameters (e.g. positional precision) increases with the
stability (binding energy). In other words, the more stable
graphene—adatom system (i.e. more relevant in a applica-
tion scenario), the more it lends itself to be studied using
hyperfine techniques.

Future studies could extend these calculations to other
two-dimensional materials and other types of adatoms. For
example, transition elements typically have high binding
energies and therefore should exhibit a high sensitivity of
the EFG to structural observables. Moreover, their magnetic
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properties could also be addressed via the magnetic hyper-
fine interaction.

In addition to the ability to probe multiple adatom prop-
erties and phenomena (e.g. structural and magnetic), an
experimental approach based on hyperfine techniques is
generally compatible with ultra-high vacuum (typically nec-
essary when studying surfaces, to minimize contamination),
low temperature (typically necessary when studying isolated
adatoms, due to their high surface mobility), and applied
electric or magnetic fields (often used to investigate both
basic and functional properties).
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