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We investigate the stability and electronic properties of single Co atoms on graphene with near-exact many-
body calculations. A frozen-orbital embedding scheme was combined with auxiliary-field quantum Monte Carlo
to increase the reach in system sizes. Several energy minima are found as a function of the distance h between
Co and graphene. Energetics only permit the Co atom to occupy the top site at h = 2.2 A in a high-spin
3d%4s" state, and the van der Waals region at 4 = 3.3 A in a high-spin 3d"4s? state. The findings provide an
explanation for recent experimental results with Co on free-standing graphene.

PACS numbers: 61.48.Gh 73.22.Pr 73.20.Hb 31.15.A-

Graphene, with its unique band structure at the Dirac point
and exceptional physical properties, has the potential to rev-
olutionize electronics technology [1-3]. Recently, research
interests in the adsorption of transition metal adatoms on
graphene have grown rapidly because of its possible use to
induce magnetism for spintronic applications [4, 5]. Single
Co atoms on graphene have been extensively studied, both
theoretically [6-20] and experimentally [21-25]. For exam-
ple, scanning tunneling microscopy (STM) experiments have
demonstrated the ability to controllably ionize a Co adatom
on graphene using a back gate voltage [21]. A high mag-
netic anisotropy for Co/graphene has been observed [24]. It
is thus of great importance to understand the properties of
Co/graphene both from a fundamental and applied perspec-
tive.

Most theoretical studies have addressed Co adsorption on
graphene at the density functional theory (DFT) level, us-
ing local or semi-local functionals, or an empirical Hubbard
on-site repulsion U (DFT+U) [6-18]. Although these ap-
proaches have often given reasonable results in a variety of
materials, indications are that in the system of interest, com-
bining a transition metal and graphene, their accuracy is un-
certain. Indeed calculations have reported qualititatively dif-
ferent results for the nature of the magnetic state, adsorption
site, and binding energy of Co as a function of adsorption
height. For example, DFT using the generalized gradient ap-
proximation (GGA) [26] shows [6—18] that the sixfold hol-
low site is the global minimum, with an equilibrium height
of heg ~ 1.5 A and a low-spin 3d°4s” Co atom configura-
tion (S = 1/2). A different functional, the hybrid Becke
three-parameter Lee-Yang-Parr (B3LYP) [27], predicts [11]
an equilibrium height of heq ~ 1.9 A with a high-spin 3d®4s!
configuration (S = 3/2) at the hollow site. The GGA+U ap-
proximation has shown sensitivity to the value of the param-
eter U used. For U = 2 eV, it predicts the global minimum
to be the hollow site with a low-spin configuration, while for
U = 4 eV, the global minimum is the top site with a high-spin
configuration [10, 14, 18]. A perturbative quantum chemistry
calculation based on a complete active space self-consistent
field (CASSCEF) reference predicts the global minimum at the
van der Waals (vdW) region with heq ~ 3.1 A and a high-
spin 3d"4s? configuration [19]. The varying results under-

score the need for better understanding of and fundamentally
more accurate approaches to treat transition metal adsorption
on graphene.

In this paper we address the problem from two comple-
mentary angles, using auxiliary-field quantum Monte Carlo
(AFQMC) [28-30] calculations. First we apply an exact
free-projection AFQMC approach to systematically bench-
mark the various theoretical methods in a series of model
systems which are smaller in size but retain key features of
Co/graphene. These results will provide guidance for fu-
ture studies of transition metal adsorption on graphene, es-
pecially in the selection of computationally less costly ap-
proaches. Secondly, a frozen-orbital embedding scheme is
developed to extend the system size that can be treated with
AFQMC. Using the new approach, we determine the relative
stability of different adsorption sites for Co/graphene by direct
AFQMC calculations of Co on large substrates (e.g., Co4Hj 2,
seven hexagonal carbon rings), augmented by a finite-size cor-
rection from the substrate to graphene, treated by DFT. As
discussed below, our results are consistent with and provide
a quantitative explanation for the observations from recent
STM experiments of Co adatoms adsorbed on H-intercalated
graphene/SiC(0001) [23].

Most DFT calculations of Co/graphene give the hollow
site as the global minimum. Using AFQMC, we had deter-
mined [20] that bonding at the hollow site, different from
the DFT predictions, exhibited a double-well structure with
nearly equal binding energy. Recently, however, experimental
studies have indicated that single Co atoms can be adsorbed
on both the hollow site and the top site [22-24]. Motivated by
these results, here we investigate the binding energy and elec-
tronic properties of Co/graphene for all three high-symmetry
adsorption sites: the sixfold hollow site, the twofold bridge
site, and the top site. We find that, among the different energy
minima with different electronic configurations and adsorp-
tion sites, only two are stable and can be occupied by the Co
atom under experimental conditions. The first minimum cor-
responds to the vdW interaction, while the other is at the top
site which arises from strong orbital hybridization.

The AFQMC method [28, 29] stochastically evaluates
the ground-state properties of a many-body Hamiltonian by
means of random walks with Slater determinants expressed



TABLE 1. Calculated binding energies of Co on CgHg at three
heights near the local minima. The uncertainty on AFQMC results
includes both statistical and systematic errors and the uncertainty for
CCSD(T) results comes from CBS extrapolations.

Binding Energy (eV)
FP-AFQMC ~ AFQMC  CCSD(T)
S=1/2
3d%4s° (h = 1.5 A) —0.99(4) —1.07(4)  —0.91(4)
S=3/2
3d%4s' (h =1.7A) —0.92(4) —0.91(4)  —0.95(4)
3d"4s* (h = 3.0 A) —0.15(3) —0.15(3)  —0.15(3)

in a chosen single-particle basis. While exact in principle,
the fermion sign problem causes in exponential growth of the
Monte Carlo variance. The problem is controlled using the
phaseless approximation [29], which imposes a constraint on
the overall phase of the Slater determinants using a trial wave
function U. Phaseless AFQMC has demonstrated excellent
accuracy in a wide variety of molecular and crystalline sys-
tems and also strongly correlated lattice models [28-35], of-
ten with simple forms of Wr. The sign problem can also be
attacked directly by lifting or releasing the constraint, using a
large number of random walkers. This approach is exact, al-
though exponentially scaling in computational cost with sys-
tem size, and will be referred to as free-projection AFQMC
(FP-AFQMC) [29, 36, 37].

In this work we implement a frozen-orbital approach to al-
low direct AFQMC calculations on large system sizes, for
example, Co on coronene (Co/Co4Hi2). A size-correction
embedding scheme is then employed to remove the residual
difference between Co/coronene and Co/graphene. Because
strong electron-electron correlation effects are spatially local-
ized in the vicinity of the Co atom, it is sufficient to treat the
size correction with a lower level of theory. We have used
DEFT for the residual finite-size corrections, which are found
to be very small, as further discussed below.

In the frozen-orbital AFQMC approach, the molecular or-
bitals of the cluster, e.g., Co/C24H;2, which are obtained from
Hartree-Fock (HF), are transformed into localized orbitals.
The Foster-Boys method [38] is employed for the orbital lo-
calization, as implemented in NWCHEM [39]. In the AFQMC
calculations, the C-H bonds and the outer-most C-C bonds
are then frozen, using a formalism similar to frozen-core [40].
This accelerates the many-body calculations greatly while in-
troducing essentially no error in the binding energy.

We first use FP-AFQMC to obtain exact results in three
model systems: Co/CgHg, Co/C2H,, and Co/C4Hg, which
represent prototypes of the three high-symmetry adsorption
sites in Co/graphene. These results are used to benchmark
the phaseless AFQMC, coupled-cluster [41] [CCSD(T)], and
various DFT methods. The C-C bond length in the model
systems was fixed to that of graphene, 1.42 A, and the C-H
bond length was set to 1.09 A, which is close to the experi-
mental bond lengths in the three molecules. The results are
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FIG. 1. (Color online) Binding energy of Co on C¢Hg as a function
of Co adsorption height / at the six-fold site for GGA, GGA+U, and
exact FP-AFQMC. For FP-AFQMC, left, middle, and right curves
correspond to nominal 3d°4s°, 3d®4s", and 3d"4s> Co configura-
tions, respectively. For GGA and GGA+U, the left and right curves
correspond to 3d°4s” and 3d®4s' Co configurations, respectively.
The shaded area on the AFQMC Morse fits reflects one standard de-
viation which includes both statistical and systematic errors. The
inset shows GGA+U errors as a function of U. The difference in the
calculated binding energy between GGA+U and exact results is plot-
ted for Co/C¢Hg, Co/C2oHa, and Co/C4Hs, at their respective mini-
mum position h.

summarized in Table I, Fig. 1, and Fig. 2. In the calcula-
tions, we employ Gaussian basis sets for DFT, hybrid DFT,
and HE, which were performed with NWCHEM. DFT+U cal-
culations were done with the PWSCF code of the QUANTUM
ESPRESSO package [42], using planewaves and ultrasoft pseu-
dopotentials [43], with a 50 Ry kinetic energy cutoff and a
charge density cutoff of 400 Ry. Each of the three model sys-
tems, the substrate molecules, and the Co atom were treated
using a 15 A cubic supercell. The AFQMC calculations also
used standard Gaussian basis sets and a frozen-core approx-
imation to treat the inner core electrons [40]. The basis sets
and other run parameters and the procedure for extrapolation
to the complete basis set (CBS) limit were similar to those in
Ref. 20. The FP results are in principle independent of W, al-
though the quality of W affects the convergence time and sta-
tistical accuracy. The computational cost scales with the num-
ber of determinants in a multi-determinant W [37]. Single-
determinant HF W was found to be sufficient for high-spin
states, while multi-determinant W obtained from CASSCF
was found to be more efficient for low-spin states. All phase-
less AFQMC results used single-determinant HF W,

We find that phaseless AFQMC and CCSD(T) produce ac-
curate binding energy curves for high-spin Co atom configu-
rations (S = 3/2) in all three model systems. In the case of
the low-spin configuration (S = 1/2), both show small errors,
with phaseless AFQMC overestimating the binding energy of
Co/CgHg by ~ 0.1eV while CCSD(T) underestimating it by
approximately the same amount, as shown in Table L.

We also benchmark DFT, with local and hybrid function-
als, and DFT+U methods. Figure 1 shows the binding energy
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FIG. 2. (Color online) The error in the calculated binding energy
from DFT, for Co/C¢Hg, Co/C2H4, and Co/C4Hs, respectively. The
low-spin (S = 1/2) and high-spin (S = 3/2) states correspond to
3d”4s° and 3d®4s" Co configurations, respectively. The results from
GGA+U and LDA+U for U = 4 eV are also shown for comparison.

curves of Co/CgHg as a function of h from GGA, GGA+U,
in comparison with exact FP-AFQMC results. All energies
have been extrapolated to the CBS limit. The FP-AFQMC re-
sults show that the ground-state electronic configuration of the
Co atom undergoes two transitions as h decreases, which pro-
duces three different configurations: high-spin 3d"4s2, high-
spin 3d®4s!, and low-spin 3d%4s" states, respectively. All
DFT functionals and DFT+U produce only two ground-state
configurations, a high-spin 3d®4s for high h’s and a low-spin
3d°4s° for small h’s, since they incorrectly predict the 3d%4s!
state as the ground-state configuration for the free Co atom.

Figure 2 summarizes the benchmark results (near the op-
timal geometry as determined by FP-AFQMC) for all three
model systems. In Co/CoHy, the same three nominal ground-
state electronic configurations of the Co atom are found as
those in Co/CgHg. In Co/C4Hg, however, the low-spin 3d%4s°
state is unbound, so only the high-spin states are consid-
ered. We chose a representative set of the most common
DFT functionals [44]: the local density approximation (LDA),
GGA, the hybrid Perdew-Burke-Ernzerhof (PBEO), the hybrid
Heyd-Scuseria-Ernzerhof (HSE06), B3LYP, and a modifica-
tion for transition metals, B3ALYP*. As seen from the figure,
none of the functionals gives a uniformly correct description
of all three model systems. The hybrid PBEO and B3LYP*
show the best agreement among the DFT functionals.

Two typical DFT+U results are also included for compari-
son in Fig. 2. A more systematic analysis of the accuracy of
DFT+U is given in the inset in Fig. 1, in which we test the
range of values for the parameter U determined from Refs.
10, 14, and 18 (with J = 0.9 eV). The results suggest that
there is no single “correct” value of U that can quantitatively

capture the physics of Co adsorption on graphene across the
different configurations. For Co/C¢Hg, U ~ 2 eV shows good
agreement with the exact result, while Co/C2H4 and Co/C4Hg
require larger values, U ~ 4 eV.

We next determine the properties of Co/graphene using
frozen-orbital phaseless AFQMC. Our tests show that, to
reach the desired accuracy in predicting the binding energies
in Co/graphene, the model systems above are inadequate to
use as the near-regions for an embedding treatment. Instead
we use Co/Ce4Hj2, Co/Ci9Hg (two hexagonal carbon rings),
and Co/Cy3H; (three hexagonal carbon rings) as the near re-
gions for the hollow, the bridge, and the top sites, respectively.
Thus each cluster includes, at least, nearest- and next-nearest-
neighbor Co-C interactions. In the frozen-orbital AFQMC
calculations, we freeze the bonds farthest from the Co atom.
To validate the results, select AFQMC calculations are carried
out on the entire cluster, for certain basis sets and geometries,
to compare with the corresponding frozen-orbital results. The
calculated binding energies agree within statistical error bars.

The residual finite-size corrections from the near-region
clusters to Co/graphene are treated with DFT. The final bind-
ing energy, after size-correction, of Co/graphene at each ge-
ometry is given by

ey

where z denotes the near region’s substrate and geometry. The
binding energies are defined as Ey(h) = ECsubswae(p)
ECo — psubstae - ywhere the last two terms on the right are
the total energies of the isolated Co atom and corresponding
substrate, respectively. The Co/graphene DFT binding energy
was obtained from PWSCF calculations using a 5 x 5 in-plane
supercell, which contains 50 C atoms and a Co atom. The
in-plane lattice parameter was 12.3 A and the out-of-plane
distance perpendicular to the graphene plane was set to 15
A. Brillouin-zone sampling used a I'-centered 4 x 4 x 1 k-
point grid and a Gaussian smearing of 0.04 eV. Planewave
cutoffs were as in the DFT+U calculations above. Substrate
relaxation effects were included for each h as an additional
size-correction layer, and relaxation was considered complete
when the forces on all atoms were less than 0.02 eV/A. The
finite-size corrections were all less than 0.1 eV near the min-
ima and within 0.03 eV of each other. We have checked that
the size-correction in Eq. (1) is insensitive to the choice of
DFT exchange-correlation functional, although the different
functionals differ in their description of the components [20].

The final binding energy curves of Co/graphene for all
three sites are shown in Fig. 3. All results are obtained
with AFQMC except for the bridge site which is provided by
CCSD(T). Several CCSD(T) calculations are also done for the
vdW region and the top site and they agree with AFQMC re-
sults, consistent with the benchmark results earlier. The lines
in Fig. 3 are Morse fits to the AFQMC and CCSD(T) results.
The size correction is not applied to the vdW region because
the chosen DFT functionals did not include vdW interactions
(see Ref. 45, for example). (Indeed, with the standard func-
tionals used here, the vdW region becomes unbound after
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FIG. 3. (Color online) Binding energy of Co on graphene as a func-
tion of h. Squares, diamonds, circles and triangles correspond to
hollow (H), bridge (B) and top (T) sites, and the vdW region, respec-
tively. The dashed line indicates the low-spin H-site (open squares).
Extrapolation to the CBS limit has been included. Shaded areas are
one-o estimates of uncertainties, including the statistical errors in
AFQMC.

size-correction is applied [20].) The vdW binding curve in
Fig. 3 is expected to be free of finite-size errors and nearly ex-
act, however, since both AFQMC and CCSD(T) calculations
show Co/CgHg to be close to Co/CoyHio, Co/CigHg, and
Co/Cy3H;0, which give essentially the same binding energy.
For reference, we also show the low-spin 3d?4s" hollow-site
curve (dashed line) obtained from earlier phaseless AFQMC
calculations [20], after correcting the phaseless bias with the
FP results of Table I. Because of energy barriers, this curve
will not be relevant to the energetics, as discussed below.

Multiple energy minima are seen in Fig. 3, associated with
different adsorption sites and different spin states. However,
a closer examination of the energetics shows that the Co atom
can only occupy the vdW region (all sites) at i ~ 3.3 A and
the top site at h ~ 2.2 A. The binding energy at the vdW re-
gion is ~ —0.18 eV, while that at the top site is ~ —0.31eV.
Although the bridge site and hollow sites are also bound in
the nominal 3d®4s! configuration, they are either metastable
or inaccessible in the adsorption process. Test calculations for
Co/Cy3H; indicate that the bridge site is a saddle point, un-
stable to Co relaxing to the top site. The minimum for the
hollow site lies at smaller i ~ 1.7 A (Using an approximate
quantum chemistry scheme, Ref. 19 predicts this minimum to
lie at h = 2.5 A.). The kinetic barrier between it and the
top site is ~ 0.13 eV, which is very large compared with the
temperatures at which the experiments are performed [21-25].
Energetically, the Co atom is prevented, therefore, from hop-
ping to the inner hollow site. (In contrast, the barrier height
between the vdW region and the top site is much smaller.)

A recent STM experiment for Co atoms on H-intercalated
graphene/SiC(0001), also called quasi-free-standing mono-
layer graphene (QFMLG), reported that single Co atoms can
be adsorbed at the top site and the hollow site with h = 2.2
A and h = 3.1 A, respectively [23]. The finding is in close

agreement with our results. The vdW region in our calcu-
lations can be associated with the hollow site, since any Co
atoms in the vdW region at the top and bridge sites can easily
hop to the top site global minimum due to low kinetic barriers,
whereas Co atoms in the vdW hollow site cannot hop to the
inner hollow site. The experiment also showed that Co atoms
at the hollow site switched to the top site at a bias voltage of
~ —0.25V, which is of the order of the vdW binding energy.
This could allow Co atoms trapped at the hollow site vdW
minimum to migrate to the top site.

Experimental studies of Co on graphene/SiC(0001),
dubbed monolayer graphene (MLG), observed only the top
site [22, 23], however. This difference might arise from the
fact that MLG is less well modeled by the free graphene sys-
tem studied here. MLG, grown on top of a carbon buffer
layer, is strongly n-doped due to the interaction with the buffer
layer, which can cause more deviations from the linear disper-
sion near the Dirac point [46, 47] than in QFMLG (which is
only slightly p-doped [47, 48]). Furthermore, MLG shows
significant corrugations, while QFMLG is exceptionally flat
[47, 49]. Similar considerations may apply to STM experi-
ments with Co on graphene/Pt(111), which observed only the
hollow site at h = 2.4 A [24]. Although the interaction of
graphene and Pt(111) is assumed to be weak [50, 51], exper-
imental studies suggest that there likely exists hybridization
between graphene Dirac cone states and Pt d orbitals [52, 53].
Further investigations, both experimental and theoretical, are
needed to resolve these issues and the substrate effects on
graphene.

In summary, we have presented highly accurate many-body
results on the adsorption of Co on graphene for the three high-
symmetry sites. With model systems Co/CgHg, Co/C2Hy, and
Co/C4Hg, exact results are obtained. Our benchmark study
showed that phaseless AFQMC and CCSD(T) are essentially
exact for high-spin Co configurations. DFT with various func-
tionals and DFT+U give widely varying results, cautioning
that care must be taken in future studies of transition metal
on graphene using such approaches. A quantitative measure
of the accuracy is provided for the most commonly used func-
tionals and for the choice of U values. These benchmark stud-
ies can assist in improving DFT functionals. A frozen-orbital
AFQMC approach was introduced to allow direct many-body
calculations on large clusters, Co/Ca4H;2, Co/CioHg, and
Co/Ci13Hj9. A size-correction embedding scheme was then
employed to calculate the binding energy of Co/graphene. We
find that the Co atom can be adsorbed at the top site with
Ey, ~ —0.31eV and at the vdW region with E}, ~ —0.18eV.
The results explain recent experimental observations for Co
on H-intercalated graphene/SiC.
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