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Diffusion Monte Carlo (DMC) calculations have been performed to study the adsorption of a single

Pt atom on pristine graphene. We obtain the adsorption energy curves of a single Pt atom adsorbed
at three different adsorption sites (bridge, on-top, hollow) as functions of the vertical distance from
a graphene surface for both spin singlet and triplet states. The bridge-site adsorption in a singlet
spin state is found to be energetically most stable, which is consistent with previous theoretical
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predictions. As the Pt atom moves away from a graphene surface, spin triplet states are favored over
spin singlet states for all three adsorption sites, reflecting that the ground state of an isolated Pt
atom is in a spin triplet state. Furthermore, our DMC calculations reveal local-minimum features in
the triplet region which is understood to be due to van der Waals interaction between the Pt adatom
and graphene. This provides a comprehensive understanding for a spin crossing from a physisorbed
triplet state to a chemisorbed singlet state in the adsorption process of a single Pt atom on graphene.

1 Introduction . . . .
A problem of using a Pt cluster in the catalytic reaction, however,

For the past decade, transition metal(TM)-graphene interfaces
have been intensively studied for development of graphene-based
nanoelectronics. Especially, nanostructures (or clusters) of TM
atoms supported by graphene have drawn much attention be-
cause TM adatoms could provide various modes of function-
alization to graphene through chemisorptions with a binding-
energy scale of an order of eV. These systems were predicted to
show some exotic phenomena such as a local doping and charge-
impurity scattering™2, topological phases®®, and superconduct-
ing states®, depending on the coverage of TM adatoms.

A graphene-supported Pt cluster has been proposed as an
alternative to the conventional Pt catalyst supported on carbona-
ceous materials such as activated carbon or carbon black¥. The
Pt-graphene system allows a controllable design of Pt nanostruc-
ture because of its well-defined crystalline structure, which could
result in enhanced catalytic properties and better long-term sta-
bility against sintering than conventional Pt catalysts1517. Fur-
thermore, a series of preliminary experimental studies on the Pt-
graphene systems elucidated their potential for electrocatalysts in
direct methanol fuel cellsT18 and proton-exchange membrane
fuel cells for oxygen reduction™® as well as hydrogen fuel cells9,
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is that its geometry prohibits a majority of Pt atoms in the core
region from participating in the catalytic reaction with only the
surface atoms involved in the reaction. In this regard, downsiz-
ing Pt clusters would be highly desirable to reduce an amount of
Pt metal and to enhance the effective Pt utilization in the reaction
process. For this purpose, single-atom catalysis of Pt supported by
a graphene sheet has been pursued but its experimental realiza-
tion has been extremely limited up to now®.

Consequently, it is essential to understand the interaction be-
tween a single Pt atom and the graphene sheet. Most of theoreti-
cal studies for this system have been done with density functional
theory (DFT) calculations®13 which lacked proper descriptions
of electron-electron correlations, especially among localized Pt
5d electrons. Previous DFT studies reported that the interaction
between Pt and graphene displayed a weak covalent character,
accompanied by a little amount of charge transfer, about ~ 0.1
electron per Pt atom@1113| On the other hand, CCSD(T) and dif-
fusion Monte Carlo (DMC) calculations?? for a Pt-benzene half-
sandwich complex, a fragment of a Pt-graphene system, showed
the Pt binding curve featuring a single minimum in spin sin-
glet state, along with a shoulder at longer adsorption distances
that arises from spin crossing between the singlet and the triplet
states. Since an analogous spin crossing is expected for the Pt-
graphene system, one needs to consider both spin singlet and
triplet states and to scan a wide range up to longer distances
far away from the chemical bonding region for a complete un-
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derstanding of the adsorption process of a Pt atom on a graphene
surface.

In order to understand the adsorption process of a Pt atom on
graphene, we have carried out diffusion Monte Carlo (DMC) cal-
culations that fully incorporate the electron-electron correlations.
Firstly, we obtain Pt-graphene binding energy curves as functions
of the vertical distance between Pt and graphene at three differ-
ent adsorption sites (bridge, on-top, hollow) for both spin states,
from which the bridge-site singlet adsorption is found to be the
most stable. Furthermore, we reveal a local-minimum feature at
the triplet minimum, which results from increasing van der Waals
(vdW) interactions with the extended substrate. Our DMC results
are compared with DFT results based on several different density
functionals, which shows that PBE and rVV10 results are in good
agreement with the DMC results for both equilibrium energies
and distances. However, the local minimum feature in the triplet
region is identified only at the DMC level. Substantial spin-orbit
coupling (SOC) effects on the singlet adsorption energy are ob-
served with DFT-PBE calculations while the SOC correction in the
triplet state is found to be minimal. With inclusion of the PBE-
based SOC correction, the singlet-to-triplet crossing point moves
closer to the graphene surface while the local-minimum feature
in the triplet region is preserved.

This paper is organized as follows. Computational details of
DMC and DFT methods are presented in the section Methodology.
DMC results for the adsorption of a single Pt atom on graphene
are presented in the section of Results. We summarize our find-
ings and make conclusions in the section Conclusions.

2 Methodology

Our DMC calculations have been performed using the fixed-node
method#!' as implemented in the QMCPACK package22'23, We
used standard Slater-Jastrow type trial wave functions with up
to three-body Jastrow factors to describe electron-ion, electron-
electron, and electron-electron-ion correlations. The Slater de-
terminants were constructed from plane-wave orbital solutions of
spin-polarized DFT Kohn-Sham equations based on the Perdew-
Burke-Ernzerhof PBE+U functional?#2, As in previous DMC
studies for heavy-element materials2®22 the Hubbard U was
treated as a variational parameter in determining the best nodal
surface of a trial wave function. We used a plane-wave cutoff of
400 Ry and the 6 x 6 x 1 Monkhorst-Pack grids®? for the PBE+U
calculations. All DFT calculations were done using the QUAN-
TUM ESPRESSO packageL.

Norm-conserving scalar-relativistic energy-consistent pseu-
dopotentials by Burkatzki, Filippi and Dolg (BFD)3233 were used
for C and H atoms. The norm-conserving pseudopotential for a
Pt atom was based on 18 semicore and valence electrons with
a pseudovalence state of 5525p%6s'54° and its validity was con-
firmed in a previous DMC study on Pt clusters=%. The Jastrow
parameters were optimized with variational Monte Carlo (VMC)
using the linear method of Umrigar et al.®. Subsequent DMC
calculations were carried out with a time step of 7 = 0.005 Ha ™!
and imaginary time projection was done with size-consistent T-
moves for variational evaluation of non-local pseudopotentials22.
To minimize spurious interactions between periodic images, our
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Fig. 1 (Color online) The structure of a single Pt atom adsorbed on the
bridge site of graphene. The black- and white-colored spheres represent
carbon and Pt atoms, respectively. The blue parallelogram indicates a
unit cell consisting of the single Pt atom and the 3 x 3 x 1 supercell of
graphene.

unit cell of a Pt-graphene complex consisted of a 3 x 3 x 1 super-
cell of graphene and a single Pt adatom (see Fig.[1) and a vacuum
distance along the vertical direction was set to 20 A.

While the total energy can be exactly estimated from mixed
distributions of W7 (R)®ry(R) sampled in an importance-sampled
fixed-node DMC process, a mixed estimate of the electron density
produces a bias of the order of A¥Y = (V7 — ®py) where ¥r and
@py are the trial and the fixed-node wave functions, respectively.
This systematic bias depending on the quality of a trial wave func-
tion can be mitigated through an extrapolation between VMC and
mixed estimates such as pgxt = 2Pmixed — PvMC, Which is accurate
up to the second order of A¥24l. The DMC electron densities
presented in this study were computed with this extrapolated es-
timator.

3 Results

In order to study energetics of a Pt atom adsorbed on graphene,
we first performed DMC calculations for an isolated Pt atom
whose lowest-energy state is a spin triplet. For this, open bound-
ary condition was employed with a 20 x 20 x 20 A% cubic simula-
tion box. The atomic energy difference between a spin triplet
ground state with electron configuration 6s'54° and a closed-
shell 54'0 singlet state was estimated in our DMC calculations
without SOC to be 0.493(5) €V, which is in excellent agreement
with a J-averaged experimental value of 0.478 eV for the 3D-!S
splitting of the Pt atom2%3¢ (note that the difference between our
DMC value and the experimental one is only a third of 1 kcal/mol
of the chemical accuracy). On the other hand, the corresponding
values estimated with previous quantum chemical calculations
based on MP2 and CCSD(T) methods were 0.45120:36/ and 0.486
eVi20 respectively. This confirms the accuracy of our DMC compu-
tational setup, including an 18-electron pseudopotential, in deal-
ing with different spin states of a Pt atom adsorbed on graphene.
We here considered the 'S, atomic state, rather than 'D, that is
the lowest-energy spin singlet state of a Pt atomZ, because it is
a dominant singlet configuration in a Pt-graphene complex near
equilibrium, similar to a Pt atom adsorbed on benzene2,

We optimized the Hubbard U parameter to obtain the low-
est fixed-node energy from trial wave functions made of PBE4+U
single-particle orbitals. Figure [2J(a) shows the fixed-node DMC
energy of a Pt-graphene complex as a function of the U value.
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Fig. 2 (a) Fixed-node DMC energy as a function of Hubbard U value
in a trial wave function constructed from PBE+4U calculations and (b)
DMC adsorption energy of a single Pt atom adsorbed at a bridge site of
graphene as a function of 1/N where N represents the number of electrons
in the supercell. While the black dotted line in (a) corresponds to a third-
order polynomial fit, the dotted line in (b) represents an extrapolation
through a linear fit.

These calculations were done for the 2 x 2 x 1 supercell where
a single Pt atom was adsorbed at a bridge site and its vertical
distance from graphene was set to d = 2.0 A. A third-order poly-
nomial fit of the fixed-node DMC energies resulted in the optimal
value of U = 3.78(8) eV, which was used in all DMC calculations
presented below. This U optimization procedure was successfully
utilized to previous fixed-node DMC studies for heavy-element
materials20-22,

To reduce single-particle finite-size effects, twist boundary con-
38 were applied in our DMC calculations with 36 twist an-
gles for the 1 x 1 x 1 and 2 x 2 x 1 supercells and 16 angles for the
3 x 3 x 1 supercell. The residual finite-size effects were analyzed
through a standard 1/N extrapolation. Figure [2(b) displays the
adsorption energy of a single Pt atom adsorbed at a bridge site as
a function of 1/N where N represents the number of electrons in
the supercell. The simple-linear regression was used to extrapo-
late the DMC adsorption energies for the 1 x 1 x I, the 2 x 2 x 1,
and the 3 x 3 x 1 supercells to the thermodynamic limit (N — ).
As can be seen in Fig. 2|(b), the resulting linear fit was in excel-
lent quality, suggesting that finite-size errors involved in our DMC
supercell calculations were resolved adequately.

Based on the aforementioned procedure to produce an accu-
rate fixed-node DMC energy for a given configuration of the Pt-
graphene complex, we establish equilibrium binding energetics
for a single Pt atom adsorbed at three different sites (bridge,
on-top, hollow) at the DMC level. Considering that the ground
state of an isolated Pt atom is a spin triplet state, we construct
the adsorption energy curves as functions of the Pt-graphene dis-
tance, d, separately for spin singlet and triplet states. For spin
singlet and triplet states of a Pt-graphene complex, its total mag-
netic moment is fixed to 0 and 2 pp per unit cell, respectively.
For this, we used the geometry of the Pt-graphene complex opti-
mized with DFT-PBE calculations for a given d. The Pt adsorption
energy is defined by E,y = Epi_graphene — Egraphene — Ept Where Epy
is the energy of an isolated Pt atom in a spin triplet state. Fig-
ure [3| presents DMC adsorption energies of a Pt atom adsorbed at
each of three adsorption sites for spin singlet and triplet states.
Here the solid and the dotted lines represent the Morse potential

ditions

fits of the corresponding data. Note that the difference between
our singlet and triplet adsorption energy curves in the dissocia-
tion limit (d — o) corresponds to the DMC singlet-triplet energy
difference of 0.493 eV for an isolated Pt atom. As shown in Fig.
the Pt adsorptions with the lowest adsorption energies, that is,
the equilibrium bindings of a Pt atom to graphene, are found
in the singlet curves for all three adsorption sites. The equilib-
rium adsorption energies are estimated to be -1.33(2), -1.20(3)
and -0.65(1) eV/atom for the bridge, the on-top and the hollow
site adsorptions, respectively, as tabulated in Table |1} This con-
firms a conclusion of previous DFT studies based on the gener-
alized gradient approximation (GGA)®13 that the bridge site is
the most energetically favored adsorption site on graphene for a
Pt atom. However, previously-reported GGA adsorption energies
at a bridge site are found to be significantly lower than our DMC
energy. The magnitude of the equilibrium adsorption energy indi-
cates a covalent bonding between the Pt adatom and C atoms of
graphene, accounting for a paired spin configuration at the equi-
librium distance. The estimated equilibrium adsorption distances
of 1.98(1), 2.00(1), and 1.93(1) A at bridge, on-top and hol-
low adsorption sites corresponds to bonding distances of 2.10(1),
2.00(1) and 2.40(1) A between a single Pt atom and its nearest
C atoms. These Pt-C bonding distances at a bridge and an on-top
sites are consistent with the sum of the covalent radii of Pt and C
atoms=? while the bonding distance in the hollow-site adsorption
is somewhat larger than that. From this, we conclude that chemi-
cal bonding at a hollow site have a different nature from those at
the other adsorption sites.

As the adsorption distance increases, one can see a crossing
point between the singlet and the triplet curves where the fa-
vored spin state changes. The single-triplet spin crossing was also
predicted in a Pt atom adsorbed on a benzene molecule??, Ac-
cording to our DMC calculations, the spin crossings take place at
the distances of 2.54 (bridge), 2.58 (on-top), and 2.62 A (hol-
low) from a graphene surface, beyond which the second minima
determined from the triplet adsorption curves are observed. The
equilibrium adsorption energies and distances for spin singlet and
triplet states are tabulated Table The energy differences be-
tween the triplet minima and the crossing points are estimated to
be approximately 0.03, 0.04, and 0.27 eV/atom for bridge, on-top
and hollow site adsorptions, respectively. From this, we assign the
triplet minima to local minima for the Pt adsorption on graphene.
Considering that the adsorption distances (d > 2.7 /OX) at local min-
ima correspond to Pt-C bonding distances significantly longer that
the sum of their covalent radii, we understand that this local min-
imum feature in the Pt adsorption results from the interplay be-
tween weak covalent bonding and vdW interaction. Since the
energy barrier at the bridge or on-top site is comparable to ther-
mal energies at room temperatures, the Pt adatom is expected to
settle at a local minimum only under low-temperature environ-
ment. Note that a Pt atom could diffuse laterally from a hollow
site to a bridge or an on-top site with lower adsorption energies.

To obtain a deeper insight into the bonding nature of the Pt-
graphene system, we have also investigated Pt-benzene and Pt-
coronene systems and compared their binding properties with
those of the Pt-graphene system. Figure [4] shows adsorption en-
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Fig. 3 (Color online) DMC adsorption energy curves of a single Pt atom adsorbed at three different sites of (a) a bridge, (b) an on-top and (c) a
hollow site, as a function of the vertical distance from a graphene surface. Here, B, T and H in the insets denote a bridge, an on-top and a hollow
adsorption site, respectively. The singlet data are represented by solid symbols while the triplet ones are denoted by open symbols. The solid and the
dotted lines represent the Morse potential fits of spin singlet and triplet adsorption energies, respectively.

System E® d> ET d’
Pt-graphene -0.65(1) 1.93(1) -0.38(2) 2.95(3)
Pt-coronene -0.67(3) 1.91(1) -0.33(1) 2.62(1)
Pt-benzene -0.64(1) 1.93(4) -0.23(1) 2.47(3)
Adsorption site ES d° ET d’

Bridge -1.33(2) 1.98(1) -0.49(2) 2.69(3)

On-top -1.20(3) 2.00(1) -0.49(3) 2.75(4) Table 2 DMC adsorption energies and vertical distances at the singlet

Hollow -0.65(1) 1.93(1) -0.38(2) 2.95(3) (S) and the triplet (T) minima of a Pt atom adsorbed at a hollow site of

Table 1 DMC adsorption energies and vertical distances at the singlet
(S) and the triplet (T) minima of a Pt atom adsorbed at three different
adsorption sites. The energies and the distances are in units of eV/atom
and A, respectively.
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Fig. 4 (Color online) (a) Spin singlet and (b) triplet adsorption energy
curve of a single Pt atom adsorbed at a hollow site of graphene (Gr,
black), coronene (Cor, red), and benzene (Bz, blue) which were obtained
through fixed-node DMC calculations. The axis label d represents the
vertical distance from the corresponding substrate. The solid and the
dotted lines represent Morse potential fits of the singlet and the triplet
data, respectively.
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graphene, coronene, and benzene. The energies and the distances are in
units of eV /atom and A, respectively.

ergy curves for a Pt atom adsorbed at a hollow site of graphene,
coronene, and benzene. We observe that the singlet curves do
not change much depending on the substrate from benezene to
graphene. Accordingly, the equilibrium binding properties near
the global minima for these three systems are analogous to each
other as shown in Table [2] and Fig. [4] This implies that the Pt-
graphene interaction at the equilibrium distance from a hollow
site mainly stems from the surrounding benzene ring. Thus, the
Pt-benzene and the Pt-coronene system can be regarded as re-
liable fragments to describe the Pt-graphene interaction in the
covalent bonding region of the hollow-site adsorption. As the
system size increases, on the other hand, the triplet curves are
shifted considerably to the right side with a little stronger bind-
ing and the singlet-triplet crossing point subsequently moves fur-
ther away from the substrate. As a result, the local-minimum
feature from the triplet state is observed only for a Pt atom ad-
sorbed on the graphene sheet. On molecular substrates of ben-
zene and coronene, the energy barriers from the triplet minimum
to the spin-crossing points are not high enough to allow the lo-
cal minimum feature. Comparison of the triplet curves on dif-
ferent carbon substrates suggests that additive long-range disper-
sion forces from carbon atoms outside a carbon ring surrounding
the Pt adatom are critical in manifesting the local-minimum fea-
ture on graphene. We here note that our DMC results for the Pt-
benzene system are quantitatively consistent with the correspond-
ing results from previous CCSD(T) and DMC calculations4?, con-
firming the accuracy of our DMC calculations for the Pt adsorption
on carbon substrates.

We now investigate how electrons are redistributed in the ad-
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Fig. 5 (Color online) DMC charge density differences between Pt-
graphene complexes and the sum of an isolated Pt atom and graphene
that are projected onto the vertical z-axis. A Pt adatom in each complex
is located at the equilibrium distance from the corresponding adsorption
site. A upper (lower) horizontal dashed line represents a z coordinate for
a single Pt atom (graphene) while the vertical dotted line represents zero
density difference.

sorption process of a Pt atom on graphene. For this, we computed
the difference Ap between the total density of a Pt-graphene com-
plex (p™@!) at an equilibrium geometry and the sum of charge
densities of a Pt atom and graphene (p* + p8raPhene) whose pro-
jection to the vertical z axis is presented in Fig.|5| A positive sign
of Ap(z) corresponds to charge accumulation at a given location
z while charge depletion is represented by its negative sign. One
can see in Fig. |5| that charges are drastically redistributed near
the Pt adatom (the upper horizontal dashed line) for all three ad-
sorption sites. For the bridge and the on-top sites, one can see
charge accumulation in the intermediate region between Pt and
graphene, which is compensated by the charge depletion at the
upper region of Pt and the lower region of graphene. Unlike the
bridge and the on-top site adsorptions, however, charge deple-
tion is observed at the bonding region for the hollow-site adsorp-
tion. In conjunction with a higher adsorption energy of -0.66(1)
eV/atom at a hollow site, this indicates that a Pt atom adsorbed at
a hollow site has different binding nature from the one adsorbed
at a bridge or an on-top site. This is also supported by a longer
Pt-C bonding distance for the hollow-site adsorption when com-
pared with the bridge or the on-top site adsorption as discussed
above.

We now compare our DMC results for the Pt adsorption energy
with the corresponding DFT ones based on several different den-
sity functionals such as PBE, PBE+D2, rVV10 and vdW-DF2. The
DFT adsorption energies of a Pt atom at three adsorption sites,
along with the corresponding DMC adsorption curves, are pre-
sented in Fig.[6] separately for spin singlet and triplet states. All
DFT results agree with our DMC conclusion that the bridge site is
energetically the most stable adsorption site. Furthermore, unlike
previous DFT studies based on GGA functionals®'13 where the
Pt adsorption energies at equilibrium were lower by 0.1 ~ 0.2 €V
than our DMC results, our DFT-PBE spin-singlet adsorption energy

Table 3 DMC and DFT equilibrium adsorption energy E; and vertical
distance d; of a Pt atom in a spin singlet state that is adsorbed at a
bridge, an on-top, and a hollow site. The energies and the distances are
in units of eV /atom and A, respectively.

Bridge On-top Hollow
Method T, T T, T T, T
DMC -1.33(2) 1.98(1) -1.20(3) 2.00(1) -0.66(1) 1.89(2)
PBE -1.31 1.96 -1.13 2.00 -0.64 1.87
PBE+D2 -1.81 1.95 -1.75 2.01 -1.23 1.82
rvv10 -1.35 1.97 -1.23 2.06 -0.68 1.93
vdW-DF2 -0.64 2.11 -0.62 2.16 -0.04 2.23

curves, along with the DFT-rVV10 ones, are consistent with the
corresponding DMC curves near the equilibrium distances. This is
understood to stem from the fact that our DMC and DFT calcula-
tions were based on a semicore+valence 18-electrons pseudopo-
tential for an Pt atom while only valence electrons were consid-
ered in previous DFT studies. Consequently, the PBE and rVV10
equilibrium adsorption energies and distances are in good quan-
titative agreement with the DMC ones as tabulated in Table
In addition, charge density redistributions predicted by PBE cal-
culations are also found to be consistent with the corresponding
DMC results, both quantitatively and qualitatively, as displayed
in Fig. [7] while the rVV10 charge density differences show some
discrepancy in the intermediate region from the DMC estimates.
Based on this, we conclude that the PBE functional is the most
reliable one within the DFT framework in describing the covalent
bonding between Pt and graphene near the spin singlet minima.
However, PBE fails to predict the long-distance binding of a Pt
atom, which can be understood by its well-known limitation in
accounting for the vdW interaction. The D2 correction to the PBE
results turns out to be about 0.5 eV/atom, significantly larger than
an energy scale of typical vdW interaction, and lead to a signifi-
cant overestimation of the Pt binding energy.

In addition, the triplet minima in PBE, PBE+D2 and rVV10 cal-
culations are located in the region where the singlet state is a
favored spin state while the vdW-DF2 results show very broad
triplet minima. Consequently, none of the DFT functionals man-
ifests a local-minimum feature in the triplet-favored region. The
existence of a local minimum is revealed only in the DMC calcula-
tions, implying significance of many-body correlations in describ-
ing the Pt binding to graphene at long distances beyond the spin
crossing points.

We finally discuss SOC effects on the Pt adsorption on
graphene, which were examined only at the PBE level as imple-
mented in the VASP4Y, For the PBE-SOC calculations, the spin is
not a good quantum number and is allowed to relax for a given
configuration of the Pt-graphene complex. In Fig. (8} the PBE ad-
sorption energy curve at the bridge site with SOC is presented in
comparison with the corresponding one without SOC where the
lower adsorption energy between the singlet and the triplet ener-
gies is presented at each adsorption distance. With inclusion of
SOC, the magnetic degrees of freedom is found to be quenched
for d < 2.8, beyond which non-zero magnetic moments emerges.
This is consistent with the results from the SOC-free PBE calcu-
lations where the spin singlet state is favored at short adsorption
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Fig. 6 (Color online) Comparison of DMC adsorption energy of a Pt atom adsorbed at a bridge, an on-top, and a hollow site with the corresponding
DFT results computed with several different density functionals. The top panel represents the adsorption energies for spin singlet states and the
bottom panel is for spin triplet states. The black solid lines denote the DMC adsorption energy curves and the blue, green, red, and orange symbols
represent DFT energies computed with PBE, PBE+D2, rVV10, and vdW-DF2 functionals, respectively.
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Fig. 7 (Color online) DMC and DFT charge density differences be-
tween a Pt-graphene complex and an isolated Pt atom plus graphene
that are projected onto the vertical z-axis. A Pt adatom in the complex
is adsorbed at a bridge site with a vertical distance of 2.0 A. A upper
(lower) horizontal dashed line represents a z coordinate for a single Pt
atom (graphene) while the vertical dotted line represents zero density
difference.
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Fig. 8 (Color online) PBE adsorption energy of a Pt atom adsorbed at a
bridge site as a function of the vertical distance from a graphene surface
with and without SOC. The spin degrees of freedom is allowed to relax
in the SOC-incorporated PBE calculations while the lower adsorption
energy between the singlet and the triplet energies is presented for the
results without SOC. The black solid (open) circles represent the PBE
adsorption energies of spin singlet (triplet) states without SOC while the
red solid (open) squares represent the PBE-SOC adsorption energies with
non-zero (zero) magnetic moments per unit cell.



distances. SOC is seen to substantially weaken the Pt-graphene
interaction in the singlet region, reducing the equilibrium binding
energy by ~ 0.24 eV/atom, while the SOC effects are found to be
minimal, less than 0.03 eV/atom, in the triplet region. Different
magnitudes of SOC effects between the singlet and the triplet re-
gion were also observed in previous PBE study for the Pt-benzene
complex??. Larger SOC correction to the singlet adsorption en-
ergy is attributed to the fact that the SOC effects are more signif-
icant in an isolated Pt atom or in a triplet Pt-graphene complex
than in a singlet complex. Considering this, our DMC adsorption
curves presented in Fig. [3| are expected to be shifted upward in
the singlet region but to change little in the triplet region with
incorporation of SOC, which results in the spin crossing point
closer to the graphene surface than the one predicted without
SOC, along with a higher barrier between the spin-singlet global
minimum and the triplet minimum. This leads us to conclude
that main qualitative features predicted by our DMC calculations
for the adsorption of a single Pt atom on graphene, including the
local minimum feature at a long adsorption distance, should be
preserved even in the presence of SOC.

4 Conclusions

Fixed-node DMC calculations have been performed for a thor-
ough investigation of the Pt-graphene interaction. We first es-
tablished the adsorption energy curves of a single Pt atom ad-
sorbed at three different adsorption sites on graphene for both
spin singlet and triplet states. The equilibrium Pt adsorptions
were observed in the singlet curves, where covalent bondings be-
tween a Pt adatom and its neighboring C atoms account for the
Pt-graphene interaction. As predicted in previous DFT-GGA stud-
ies®®il3 our DMC calculations demonstrate that the most stable
Pt adsorption occurs at a bridge site.

According to our DMC calculations, a spin triplet state is fa-
vored over a singlet state as a Pt adatom moves further away
from a graphene surface. This spin crossing phenomenon was ob-
served to take place at the vertical distances of 2.54 to 2.62 A from
all three adsorption sites on graphene. Furthermore, our DMC
calculations reveal a local-minimum feature in the Pt adsorption
energy curves, which is understood to be developed as a result
of the interplay between weak covalent bonding and vdW in-
teractions in the spin-triplet region. From the fact that none of
the DFT functionals considered in this study accounts for this
local-minimum feature in the Pt-graphene system, we conclude
that many-body correlations incorporated into the DMC calcu-
lations are critical for its manifestation. Incorporation of SOC
whose effects on the Pt adsoprtion were investigated at the PBE
level, would not change main conclusions based on our SOC-free
DMC calculations, except that it moves the singlet-triplet cross-
ing points closer to the graphene surface with a higher barrier
between a singlet (global) and a triplet (local) minimum.

This work provides a comprehensive picture of the Pt adsorp-
tion process on a graphene surface that can be utilized in the de-
velopment of graphene-based nanoelectronics or Pt catalysis. Fi-
nally, our DMC results can serve as a fine starting point to under-
stand the formation of Pt clusters or even Pt layers on graphene,
along with the nature of their interaction with graphene, which is

currently under our investigation.
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