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Abstract 

Transition Metal (TM) atom adsorption on graphene results in a tuning of their 

electronic, magnetic, storage, sensing, and catalytic properties. Herein we provide a thorough 

density functional theory study, including dispersion, of the structural, energetic, diffusivity, 

magnetic, and doping properties for all 3d, 4d, and 5d TM adatoms adsorbed on graphene. 

TMs prefer to sit on hollow sites when chemisorbed, but on bridge or top sites when 

physisorbed; which is the case of atoms with d5 and d10 configurations. Diffusion energy 

barriers follow the adsorption energy trends. Dispersive forces simply increase the adsorption 

strength by ~0.35 eV. Adatom height seems to be governed by the bond strength. All TMs are 

found to n-dope graphene, except Au, which p-dopes. The electron transfer decays along the d 

series due to the electronegativity increase. Early TMs infer noticeable magnetism to 

graphene, yet for elements with more than five electrons in the d shell the local magnetic 

moments abruptly decay to low or zero values. Experimental observations on adatom 

position, height, temperature clustering and Ostwald ripening, p- or n-doping, or the 

electronic configuration can be rationalized by present calculations, which deliver a solid 

theoretical ground from which experimental features can be interpreted and discussed. 
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1. Introduction 

In the last decade graphene —a single layer of graphite— has become a material of 

exceptional interest in many research areas, mainly due to its unique electronic bandstructure, 

featuring Dirac cones where charge carriers feature ballistic transport properties [1,2], but also 

due to its exceptional physical properties, including high chemical and thermal stabilities, and 

mechanical strength [3]. All this poses graphene as the material of the foreseeable future in 

nanotechnology. The attachment of small moieties on graphene, such as molecules or small 

metal clusters, has attracted many research endeavours owing, for instance, to the synthesis of 

graphene derivatives like graphene oxide, graphane, and fluorographene [4-6], the graphene 

bandstructure engineering [7,8], its utilization as a nanosensing material [9], and, also, to its 

use as a support for highly and uniformly dispersed metal aggregates relevant for catalysis 

[10-13]. 

Lately, transition metal atoms deposited on carbon surfaces have attracted 

considerable interest in the fields of molecular sensing [14-16], hydrogen storage [17-19], 

transistors [20], catalysis [21-23], metal nanowire synthesis [24], and nanoelectronics [25]. 

Aside from this, graphene is by itself a promising material for spintronics given the 

controllable spin transport [26], its perfect spin filtering [27], and the spin-relaxation lengths 

in the order of the micrometre at standard conditions [28], due to the very weak spin-orbit 

coupling in carbon [29]. In this sense the adsorption of transition metal atoms on graphene is 

a field of interest due to the possibility of bestowing magnetism [30], differentiating the 

transport properties of the spin channels [31], or ionizing the adatom by the plugging of a gate 

voltage [32], with remarkable implications for the usage of such systems in spintronics 

[33,34], nanomagnets [35], and data storage [30].  

On this basis, studies on the adsorption of transition metal atoms on graphene have 

grown importance in the last years both from the experimental and theoretical point of views. 
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Experimental reports are somewhat scarce mainly due to technical difficulties; nonetheless, 

transition metal adatoms tend to diffuse and aggregate at room temperature, forming clusters 

and nanoparticles, a matter which is itself the focus of experimental research [36,37] and also 

first-principles simulations [38]. Anyway, in order to effectively have isolated adatoms 

temperatures in the 4-20 K range are required to avoid adatom diffusion and aggregation. 

Under these conditions it is worth to mention the work of Gierz et al. [39], who by means of 

Angle-Resolved Ultraviolet Photoemission Spectroscopy (ARUPS) observed the graphene n- 

or p-doping when depositing Bi, Sb, or Au atoms. Also remarkable is the research of Brar and 

coworkers [32] showing that the electronic structure of Co adatoms supported on graphene 

could be tuned by applying a gate voltage. A related study by Chen et al. [40] explains the 

minimum conductivity of graphene in terms of charged impurities, in that case, K adatoms. 

 Very important are also the works of Eelbo et al. [41] and Gyamfi et al. [42], who 

were able to deposit Ni and Co atoms on SiC(0001) pristine surface epitaxial Monolayer 

Graphene (MLG) and Quasi Freestanding MLG (QFMLG), and observed the corresponding 

atomic structure by means of Scanning Tunneling Microscopy (STM), using in addition local 

resonances as fingerprints to assign the adsorption sites [43]. The usage of this technique in 

combination with X-Ray Magnetic Circular Dichroism (XMCD) permitted Eelbo and 

coworkers not only to obtain structural information of Fe, Co, and Ni adatoms, but also 

insights on their magnetic properties [44].  

Extensive works have been also carried out from the theoretical point of view 

addressing the interaction of one or more types of TM atoms on graphene, most within 

Density Functional (DF) theory. Fig. 1 shows, itemized, the number of published works for 

each given TM (for a detailed referencing and searching procedure we address the reader to 

Table S1 in the Supplementary Material). Note that 3d TMs have driven much more 

consideration compared to 4d and 5d ones. Indeed, the possibility of varying at will the 
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oxidation state of Co adatoms [32], or the coexistence of different adsorption configurations 

[44] have generated a great debate and numerous works solely for Co [45-47]. For 4d and 5d 

metals, the studies restrict mainly to Pt-group and coinage metals, such as Ag and Au, 

typically used in catalysis. 

 

Figure 1: Sketch showing, colour-coded, the number of publications that studied for each 3d, 

4d, or 5d TM its adsorption on graphene by means of periodic DF calculations. 

 

 

 

Most of the research, as above-commented, mainly addresses the adsorption of 3d 

TMs on graphene in terms of structural, energetic, electronic, and magnetic properties [48-

50], typically obtained using an exchange-correlation (xc) DF within the Generalized Gradient 

Approximation (GGA). Other works have extended the study to acquire estimates of adatom 

diffusion energy barriers [51-53]. Some studies, yet relevant, implied some gross 

approximations. For instance, Wang et al. [54] studied the 3d transition metals adsorption on 

graphene using a xc within Local Density Approximation (LDA), presumably to counteract 
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the deficiency of GGA xc functionals in treating dispersive forces interactions. This strategy 

was also adopted by Ding et al. [55] to simulate the adsorption of late TMs on graphene, since 

in these cases the van der Waals (vdW) contribution is thought to be primordial. However, 

Ishii et al. [56] combined results from LDA or GGA approximations with no apparent 

justification, fact that is questionable though. 

On the other hand, compared to 3d TMs, the 4d and 5d ones have been much less 

studied. Zhang et al. [57] did a precise study of the magnetic properties of many 5d metals at 

different coverages —ranging 0.03 to 0.13 monolayers (ML) and considering a full ML when 

a 1:1 TM:C ratio is achieved— but by deliberately placing the adatoms at hollow positions. 

Zólyomi et al. [58] studied the energetics, structure, and magnetic properties for 4d and 5d 

metals, but at a high coverage of 0.17 ML, i.e. having non-negligible interaction among TM 

adatoms. Finally, Habenicht et al. [59] studied structural, energetic, and diffusivity properties 

of 4d and 5d TM adatoms on graphene at a relatively low coverage of 0.06 ML, yet 

neglecting the spin polarization, i.e. considering the TM adatoms diamagnetic, which 

represents quite an oversimplification.  

Note that, to the best of our knowledge, there is a single previous work consistently 

dealing with the adsorption structural, energetic, and diffusivity properties of all 3d, 4d, and 

5d TMs on graphene [60]. This constitutes a reference study but one must advert that the 

whole study was carried out using certain approximations that are debatable. First, it was 

carried out for a 0.06 ML coverage, where adatoms can feature long-range magnetic coupling 

or even coulombic interactions whenever charged. However the magnetic coupling was 

disregarded since spin polarization was neglected. Finally, the calculations were carried out 

systematically at LDA level, which, as commented above, grossly serves to mimic the effect 

of vdW interactions although for the wrong physical reason. In fact, only few studies dealt 

with an explicit treatment of vdW interactions, and only for few TM adatoms [45,61-63]. 
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The intent of this study is to provide a comprehensive study on the structural, 

energetic, diffusivity, magnetic, and electronic properties for the full sets of 3d, 4d, and 5d 

TM adatoms adsorbed on graphene. This has been carried out at a standard DF GGA level, 

but also including a proper vdW description, in order to get insights of whether dispersive 

forces interactions play a key role on these systems. The behavioural trends gained from these 

calculations provide a theoretical background solid as a rock from which observed 

experimental features can be interpreted, understood, and discussed.  

2. Computational Details 

Spin polarized DF calculations have been performed using the Vienna Ab initio 

Simulation Package —VASP [64]. The Projector Augmented Wave (PAW) method has been 

used to represent atomic cores effect on the valence electron density [65]. This simulation of 

the core states allows one to obtain converged results —energy variations below 0.01 kJ mol-

1— with a cut-off kinetic energy of 415 eV for the plane-wave basis set. Geometry 

optimizations were performed using a conjugated gradient algorithm and applying a first-

order Methfessel-Paxton smearing of 0.2 eV width, yet final energies were corrected to 0 K 

(no smearing). The structural optimizations were finalized when forces acting on atoms were 

below 0.01 eV Å-1. All DF calculations have been carried out using the Perdew-Burke-

Ernzerhof (PBE) xc functional [66], a representative of GGA ones. This functional has been 

previously found to essentially match the graphene cell parameter of 2.46 Å [67], and also to 

yield the best overall description of TMs among many LDA, GGA, meta-GGA, and hybrid 

functionals [68,69].  

Energy and structure optimizations have been carried out on a p(4×4) slab supercell, 

since it grants a separation between adsorbed adatoms of ~1 nm, enough to avoid interactions 

with TM adatoms on periodically repeated adjacent cells. According to test calculations 

lateral interactions are estimated to be below 0.03 eV. For this supercell size the TM atomic 
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coverage is ~0.03 ML. A vacuum region of 1 nm is added in the direction normal to the 

graphene layer, in order to avoid interactions between repeated slabs. Test calculations with 

double vacuum yielded variations in the energy of ~0.003 eV. An optimal Monkhorst-Pack 

[70] Γ-centred k-point grid of 2×2×1 dimensions was used, having a similar k-point density 

as in earlier reports [67].    

Mind that for any TM atom adsorbed on graphene the adsorption energy, Eads, is 

defined as 

Eads = (EG + ETM) – ETM/G    (1), 

where ETM/G is the total energy of graphene layer with the TM adatom attached, EG is the total 

energy of the pristine graphene layer, and ETM the total energy of an isolated TM atom as 

previously calculated [68]. Thus, adsorption energies are defined positive, and hence, the 

larger the Eads value, the stronger the interaction between graphene and the TM atom. Charges 

on TM adatoms, Q, which are necessarily related to the oxidation state, have been estimated 

through a Bader analysis of the electron density [71]. Adatom height, h, has been calculated 

with respect to the mean plane of the graphene sheet. The graphene corrugation, c, has been 

estimated by subtracting the height of the highest C atom from that of the lowest, and defining 

it positive whenever the graphene layer approaches to the TM adatom, i.e. forming a hill 

where TM adatom sits atop, and, vice versa, negative whenever graphene is repelled from the 

TM adatom, forming a valley which embraces the TM adatom.  

Adatom diffusion is a vital process in its tethering to a surface and to the related 

cluster formation processes. Because of this diffusion, transition states have been obtained in 

a stepwise fashion: this is, paths connecting high symmetry adsorption sites have been 

sampled by obtaining the energy of a TM over this site. This is simple for minima and 

Transition States (TS), but points with an energy gradient have been obtained with a restricted 

optimization, where the adatom plane position is kept fixed, as well as that most distant C 
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atom is kept frozen, whereas all other degrees of freedom are allowed to relax. In this way, 

the fixed C atom serves as an anchor to the graphene sheet, avoiding its sliding to 

accommodate the TM adatom in a minimum. For most of the systems one highly symmetric 

site is already a TM diffusion TS. These minima and TSs have been characterized by a 

vibrational frequency analysis when needed, obtained by construction and diagonalization of 

the Hessian matrix by finite differences of analytical gradients with individual displacements 

of 3 pm in each cell direction, and including both TM and graphene sheet atoms. All found 

minima feature only positive eigenvalues, and TSs only an imaginary frequency. Note that in 

some cases a suspect TS has been obtained by sampling more points in its vicinity. Finally, in 

a few cases the TS character has been also identified with a forth and back displacement of 

the TM followed by a full relaxation, observing that these two systems evolve to the two 

nearby minima connected through the TS. Diffusion energies have been estimated by the 

simple difference in energy between the located TS and the most stable adsorption site.  

Description of the vdW dispersive forces has been accounted for via the D2 dispersion 

correction of Grimme [72]. This particular vdW correction has been found to be one of the 

best choices for the interaction of graphene with TM surfaces [67], as well as previous 

calculations on few selected cases showed a nice agreement with other vdW-DF 

approximations [62,63]. Moreover, the PBE-D2 combination has been found to be a good 

tandem in the description of the attachment of graphene on a TM surface [67]. Note that here 

dispersion coefficients, C6, and vdW radii, R0, were collected from the original paper for 3d 

and 4d TMs [72], and those for 5d metals were taken from a posterior study [62]. 

3. Results and Discussion 

At first, standard DF PBE calculations are put under light. The adsorption of TM 

atoms on graphene has been studied on several graphene sites, including the highly symmetric 

sites Top (T), Bridge (B), and Hollow (H), as depicted in Fig. 2a, but other lower symmetry 
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sites have been sampled, including that at half-distance from T to H (h1), and those at 1/3 and 

2/3 of the distance from B to H (h2 and h3, respectively), see Fig. 2a. However, these last low 

symmetry sites tend to evolve to any of the highly symmetric ones, and so have not been 

further discussed —with the caveat of h1 for Ir adatom. The diffusion energy barriers have 

been sampled in a stepwise fashion as depicted in the computational details section following 

the tuck-turn path depicted in Fig. 2b. This triple step path scans B→T, T→H, and H→B 

diffusions. Fig. 3 illustrates the Sc case as an illustrative example of the adatom diffusion. 

Figure 2: Schematic representation of a) the adsorption sites of an atom on graphene —

labelled yellow spheres— and b) the explored diffusion path of an adatom on graphene —

orange arrow. Dashed fine orange lines guide the eye on the hexagonal structure of graphene, 

and the triangles these hexagons contain. 
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Figure 3: Sc adatom diffusion energy profile on graphene as obtained at PBE level. Labels 

denote high and low symmetry adsorption sites. Note that here, at variance with the 

discussion, negative values for Eads are plotted, to better show the minima and TS characters 

of certain adsorption sites. 

 

 
 
Noted this, Table 1 encompasses, for each TM adatom, the most stable site and its 

adsorption energy, together with its height from the graphene layer and the graphene sheet 

corrugation. For each TM, the lowest energy diffusion path serves to acquire the diffusion 

energy barrier estimate, Edif. In addition, the TM charge, Q, triggered by a TM→graphene 

charge transfer, is listed —note that the electron accumulation (depletion) on (from) graphene 

involves in all cases a delocalized state for graphene. Finally, the variations on TM adatom 

magnetic moment due to the adsorption process, Δµ, and the overall local magnetic moment, 

µ, are also encompassed on Table 1. Alongside, Table 2 gathers the same results as in Table 1 

but obtained from PBE-D2 calculations. 

 

3a. Energetic Properties 

Energetic trends are now analysed, beginning by the adsorption strength, Eads. From 

Fig. 4 it is apparent that the evolution along the d series follows a camel humps shape. This is 
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mostly due to a rather low adsorption energy, below 0.5 eV —characteristic of a 

physisorption situation—, for TMs of groups VI, VII, XI, and XII. Note that these elements 

are generally characterized by having a semi or full occupancy of d orbitals, i.e. they display a 

d5 or d10 electronic configuration. These are known to stabilize the isolated atom, and, 

consequently, its binding strength to graphene is low. This hand-to-hand reasoning is also 

valid for the rest of the TMs, whose more unstable electronic configurations makes them 

attach stronger to the graphene sheet, with values ranging 0.75-2.25 eV, and thus, most of 

them could be classified as chemisorption situations.   

Thus, the adsorption strength seems to be governed by the relative (in)stability of the isolated 

TM atoms, and most of the cases adjust to this rule-of-a-thumb. Note, for instance, that the 

relatively high adsorption energies for W and Tc of 0.41 and 0.99 eV, respectively, can be 

tracked down to their d4 and d6 electronic configurations, respectively [68]. The exception to 

this rule is Pd, whose d10 configuration should yield a small adsorption energy, but it is found 

to be 1.08 eV at PBE level. In any case the adsorption energy is smaller than other group X 

TMs, such as Ni and Pt, with d8 and d9 configurations. 

Present calculations can be compared to previous ones carrying out a more systematic 

analysis. Let us begin with the work of Ishii et al. [56]. Their calculations at PBE level 

showed large adsorption energy values, which differ by 1.24 eV in mean absolute values with 

present ones, with a standard deviation σ = 1.74 eV. This is, the Eads values are consistently 

larger than present PBE calculations, a priori because of the usage of simplified ultrasoft (US) 

pseudopotentials instead of PAW, or, more likely, because of the neglecting of the spin 

polarization, which would lead to an unphysical description of the isolated atoms resulting in 

a too high energy and a concomitant exceedingly large adsorption energy. The usage of a 

larger coverage of 0.06 ML would only be detrimental of the adsorption strength, due to 

lateral adatom interactions. In the posterior study by Nakada and Ishii [60] this procedure was 
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Table 1: Summary of PBE calculated results for 3d, 4d, and 5d TM on graphene including 

the most stable adsorption site, adsorption energy, Eads, and diffusion energy, Edif, TM height 

from graphene, h, and graphene corrugation, c, TM adatom net charge, Q, and total magnetic 

moment of the system, µ, as well as variation of the magnetic moment with respect to the 

isolated TM atom. Energies are in eV, distances in Å, Q in a.u., and µ and Δµ are given in µΒ.  

TM Site Eads /eV h /Å c /Å Q /e Δµ /µ Β µ /µ Β Edif /eV 

Sc H 1.20 1.96 -0.03 0.99 0.99 1.99 0.47 
Ti H 1.90 1.81 -0.02 1.01 1.00 3.00 0.58 
V H 1.60 1.82 -0.02 0.14 1.20 4.20 0.23 
Cr B 0.17 2.34 0.07 0.43 -0.33 5.67 0.01 
Mn T 0.09 2.23 0.03 0.53 0.33 5.33 0.02 
Fe H 0.73 1.53 -0.02 0.43 -2.00 2.00 0.59 
Co H 1.11 1.50 -0.04 0.38 -2.02 0.98 0.47 
Ni H 1.68 1.54 -0.02 0.45 -2.00 0.00 0.22 
Cu T 0.23 2.26 0.16 0.22 -0.02 0.98 0.01 
Zn H 0.03 3.85 0.00 0.02 0.00 0.00 0.00 
Y H 1.36 2.12 -0.02 1.12 1.01 2.01 0.32 
Zr H 2.11 1.96 -0.02 1.34 1.01 3.01 0.62 
Nb H 1.20 1.94 -0.02 0.79 -0.96 4.04 0.27 
Mo B 0.08 2.42 0.10 0.46 -0.49 5.51 0.00 
Tc H 0.99 1.63 -0.06 0.95 -4.08 0.92 0.54 
Ru H 1.52 1.74 -0.01 0.51 -2.00 2.00 0.62 
Rh H 1.62 1.81 -0.02 0.45 -2.01 0.99 0.19 
Pd B 1.08 2.21 0.21 0.27 0.00 0.00 0.04 
Ag B 0.03 3.63 0.00 0.03 -0.03 0.97 0.00 
Cd T 0.04 4.27 0.00 0.02 0.00 0.00 0.00 
La H 1.64 2.22 -0.04 1.46 1.07 2.07 0.35 
Hf H 1.50 1.90 -0.03 1.46 1.04 3.04 0.43 
Ta H 1.70 1.85 -0.03 1.29 0.74 3.74 0.69 
W B 0.41 2.31 0.12 0.93 1.56 5.56 0.02 
Re B 0.04 4.09 0.01 0.04 0.01 5.01 0.00 
Os H 0.87 1.70 -0.02 0.31 -1.97 2.03 0.41 
Ir h1 1.04 1.97 0.25 0.21 -2.96 0.04 0.02 
Pt B 1.49 2.23 0.34 0.13 -2.00 0.00 0.18 
Au T 0.11 2.66 0.16 -0.07 0.05 1.05 0.02 
Hg T 0.03 4.13 0.01 0.01 0.00 0.00 0.00 
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Table 2: Summary of PBE-D2 calculated results for 3d, 4d, and 5d TM on graphene 

including the most stable adsorption site. Reported properties and units are as in Table 1. 

TM Site Eads /eV h /Å c /Å Q /e Δµ /µ Β µ /µ Β Edif /eV 

Sc H 1.46 1.93 -0.06 1.00 0.98 1.98 0.41 
Ti H 2.17 1.78 -0.06 1.20 0.99 2.99 0.51 
V H 1.88 1.78 -0.05 1.00 1.14 4.14 0.21 
Cr B 0.47 2.32 0.05 0.47 -0.35 5.65 0.01 
Mn T 0.40 2.19 0.01 0.43 0.33 5.33 0.02 
Fe H 1.04 1.51 -0.03 0.84 -2.00 2.00 0.58 
Co H 1.41 1.49 -0.05 0.65 -2.01 0.99 0.47 
Ni H 1.98 1.53 -0.03 0.55 -2.00 0.00 0.23 
Cu T 0.53 2.21 0.13 0.15 -0.03 0.97 0.01 
Zn H 0.21 3.11 -0.02 0.02 0.00 0.00 0.01 
Y H 1.71 2.09 -0.05 1.07 1.01 2.01 0.25 
Zr H 2.48 1.92 -0.06 1.39 1.02 3.02 0.54 
Nb H 1.68 1.69 -0.05 0.83 -4.97 1.03 0.34 
Mo B 0.48 2.40 0.07 0.47 -0.51 5.49 0.01 
Tc H 1.41 1.61 -0.08 0.96 -4.11 0.89 0.56 
Ru H 1.91 1.71 -0.02 0.64 -2.01 1.99 0.62 
Rh H 2.01 1.78 -0.01 0.45 -2.03 0.97 0.19 
Pd B 1.47 2.21 0.20 0.24 0.00 0.00 0.01 
Ag B 0.35 2.97 0.02 0.05 0.00 1.00 0.00 
Cd T 0.26 3.31 0.02 0.02 0.00 0.00 0.00 
La H 2.04 2.18 -0.08 1.12 1.07 2.07 0.30 
Hf H 1.94 1.89 -0.06 1.58 -0.03 1.97 0.41 
Ta H 2.15 1.77 -0.06 1.41 -1.99 1.01 0.68 
W B 0.84 2.30 0.10 0.56 1.57 5.57 0.02 
Re T 0.36 3.16 0.04 0.04 -0.01 4.99 0.11 
Os H 1.33 1.68 -0.03 0.62 -1.97 2.03 0.44 
Ir h1 1.52 2.00 0.24 0.26 -1.99 1.01 0.06 
Pt B 1.91 2.22 0.34 0.09 -2.00 0.00 0.15 
Au T 0.54 2.57 0.14 0.00 0.04 1.04 0.02 
Hg H 0.34 3.22 -0.02 0.01 0.00 0.00 0.07 

 

used by carrying out LDA calculations, which yielded even larger deviations of 2.07 ± 1.51 

eV with respect to the present work. In this sense, compared to PBE+D2, the utilization of 

LDA xc functionals seems to overbind TMs on graphene by ~0.8 eV, in average. 
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Figure 4: Adsorption energy (Eads) of 3d, 4d, and 5d TM atoms on graphene, as well 

diffusion energies, Edif, both in eV. Shown are the PBE (open circles and solid lines) and 

PBE-D2 (filled circles and dashed lines) DF results. 

 

 
 

The study by Zólyomi et al. [58] was also carried at PBE level, but at a significantly 

higher coverage of 0.17 ML. In this case the previous Eads values are also higher than the 

present ones by 0.43 ± 0.37 eV. Note that this would naively go against the lateral steric 

repulsion at a significantly higher coverage, although one can as well expect that the 

supported TM adatoms interact among themselves starting to form a metallic overlayer, as 

similarly found for other supported metal monolayers [73]. All electron scalar or full 

relativistic calculations at PBE level with a local orbital basis set, as those carried by 

Sargolzaei and Gudarzi [49], yields adsorption energies systematically smaller by 0.67 ± 0.32 
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eV. Better agreement is found when comparing to studies using the same basis set and 

pseudopotentials, although even in that situation some differences can be invoked. For 

instance, the main difference by Zhang et al. [50] is the finite model employed, which 

restricts the graphene bandstructure delocalization. This quantum confinement and the smaller 

coverage of 0.02 ML could be the origin of discrepancies of the order of 0.20 ± 0.22 eV. 

This latter effect seem to be of the same order than using a different xc functional but 

still within GGA. This is the case of works by Valencia et al. [48] and Ding et al. [55], who 

employed the Perdew-Wang (PW91) xc functional in their calculations, which yielded 

variations of 0.20 ± 0.20 eV, at variance with bulk TM calculations, where variations in Ecoh 

between PBE and PW91 were below 0.05 eV in average [68], here seems that the choice of 

one or another GGA functional is more accentuated, but still at the threshold of standard DF 

accuracy. The effect on the usage of simpler US pseudopotentials instead of PAW is perhaps 

more tangible inspecting the works by Hu et al. [52] and Yayzev et al. [51], with variations 

also of 0.20 ± 0.20 eV, although one has to keep in mind that in these last works slightly 

higher coverages of 0.04 and 0.06 ML were employed. 

Indeed best agreement with present results is found for those combining PAW and 

PBE, as expected. It is worth to mention the study by Habenicht et al. [59] and Liu et al. [53], 

the former focused on 4d and 5d transition metals, whereas the latter is more focused on 3d 

TMs. The discrepancies with these works are minimal, of 0.10 ± 0.10 eV. The main 

discrepancies on 4d and 5d TMs are Nb and La, which, according to the previous work [59] 

feature Eads values 0.39 and 0.33 eV larger, respectively, whereas the rest of TMs are within 

standard DF accuracy. Considering 3d TMs [53], the only disagreement is V, which according 

to present calculations binds to graphene 0.49 eV stronger.        

Back to the camel humps shape obtained for Eads values, the trend seems to be 

maintained for the diffusion energy barrier estimates. As observed in Fig. 4, Edif is relatively 
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large whenever the adsorption strength is large, and vice versa. Thus, d5 and d10 TMs feature 

almost insignificant diffusion energy barriers, below 0.02 eV, which would make think that 

such TMs are extremely mobile even at temperatures of few K. In this sense, e.g. a study by 

STM means of Au adatoms on graphene, as carried out for Fe, Co, and Ni [41,42,44], is 

problematic, given the Au high diffusivity; consequently, its study is restricted to 

spectroscopies, such as the ARUPS study of Gierz et al. [39]. 

The relationship of Eads and Edif has its outliers as well, and regretfully they prevent a 

useful linear relationship in between these two quantities. For instance, as above commented, 

d4 W features a relatively higher Eads compared to other group VI d5 TMs Cr and Mo. 

However, the diffusion energy barrier is as low as 0.02 eV, more in accordance to a d5 

situation. In a similar way Ir and Pd atoms display high adsorption energies, but rather small 

Edif values of 0.02 and 0.04 eV, respectively. Thus, an Ir or Pd atom would skip up over the 

graphene surface even at ultra-low temperatures. Other TMs, on the other hand, feature 

relatively high diffusion energy barriers yet attachment strengths are moderate. This is the 

case of Ta, which has an Edif of ~0.7 eV, sensibly higher than the other group V TMs V and 

Nb, that have values of ~0.25 eV. Another example is Tc, which has a diffusion energy 

barrier of ~0.55 eV, given that is a d6 element, at variance to the d5 configuration of the other 

two group VI TMs, Mn and Re. Ta and Tc adatoms are thought to be rather immobile at 

cryogenic or even higher temperatures. 

Present DF PBE estimates of the Edif are, in overall terms, in excellent agreement with 

previous estimates. Here one must exclude however the PBE and LDA studies of Ishii [56] 

and Nakada [60], since deliver higher diffusion energy barriers by 0.26 ± 0.46 and 0.39 ± 0.47 

eV, respectively. The discrepancy can be argued on the same terms as Eads values were 

previously discussed. However, the difference is much more attenuated for other GGA works, 

reaching a perfect match with the PW91 estimates from Valencia et al. [48], with a deviation 
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of solely 0.01 ± 0.01 eV. For other works at PBE level the mean deviations are of 0.05 ± 0.05 

eV [52,53,59], highlighting the excellent agreement. Actually, one could only raise few 

discrepancies, such as that present estimate of Edif for Nb is 0.28 eV higher than a previous 

report [59], or that another work where Fe diffusion was found to be easier by 0.24 eV, but 

Mo diffusion more difficult by 0.22 eV [52]. 

The comparison between the TM adsorption energy and the bulk cohesive energy, 

Ecoh, which can be taken from the literature obtained using an equivalent computational level 

of theory [68], determines whether TM adatoms are thermodynamically driven to coalesce 

and form metal clusters, given that metal↔metal bond strength is larger than metal↔carbon 

bond one, or the opposite whenever metal↔carbon bonds prevail. For any of the studied 

cases, the formation of clusters, aggregates, or even larger nanoparticles is, with no doubt, 

thermodynamically preferred. However, this does not mean that metal adatoms cannot exist 

on a graphene sheet. Indeed, McCreary and coworkers [74] have found indications of Au 

adatoms at a temperature of 18 K through temperature dependant Dirac point shifts, 

regardless of the very weak C↔Au interaction, yet Au clusters were observed by Atomic 

Force Microscopy (AFM) at room temperature. Aside, the Eads/Ecoh ratio has been previously 

proposed as a descriptor of the cluster growth, in 2D islands in the high ratio case, 3D 

nanoparticles in the low one [52,53]. 

Moreover, the difference between Ecoh and Eads is generally argued to be a descriptor 

of the metal aggregate coarsening [53]. In this sense, larger differences would indicate that 

TM atoms in an aggregate, cluster, or nanoparticle would require a significant high energy 

(temperature) to detach and adsorb on graphene. On the contrary, a small difference would 

indicate that such process would be easier. This has been used for instance to explain the 

Ostwald ripening process of AuPd nanoparticles deposited on a carbon support [75], 

suggesting that Pd atoms are, because of their easier detachability, the main vector in the 
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Ostwald ripening growth. Here we can argue as well that diffusion energy barriers would be 

no limiting step neither for Au nor Pd, being both below 0.05 eV, see Table 1, although the 

adsorption energy would play a role, i.e. Pd atoms would remain on the graphene surface at 

experimental temperatures, whereas Au adatoms could easily sublimate.  

Present results however fail in describing the experimental better diffusivity of Co 

compared to Ni [44], although other theoretical studies show also larger Edif values for Ni 

compared to Co [48,53,60], or, at most, similar diffusion barriers [52]. Indeed this difference 

can be explained in substrate terms, since STM experiments were carried out on a MLG 

graphene sheet, with a noticeable adhesion to the SiC substrate surface. Electronic or 

corrugation effects triggered by the substrate may alter the Edif values by up to ~0.9, as 

theoretically found for 4d and 5d metals on graphene adsorbed on Ru(0001). Note that this is 

a substrate where graphene is physisorbed, and thus, features a faint corrugation and little 

electronic perturbation from the metal substrate surface. Stronger electronic effects are 

foreseen for chemisorbed graphene, on the contrary, and so, larger changes for diffusion 

energy barriers of atoms adsorbed on are to be expected. Thus, further research on Co and Ni 

diffusion on graphene explicitly adsorbed on SiC seems to be needed to gain a proper 

explanation of the experimental observations. 

The previous trends seem to be unchanged by explicitly including vdW forces in the 

DF description, which anyway seems to have a substantial weight in Eads for physisorbed d5 

or d10 adatoms. Indeed the energetic results for PBE-D2 calculations, gathered in Table 2, as 

well as d series trends, shown in Fig. 4, reveal practically no change in the overall picture 

described above. The addition of vdW only seems to increase Eads values by ~0.35 eV in 

average, and so the trends closely follow the PBE ones, and same conclusions can be 

extracted from. One can compare present results with previous ones PBE-D2 and vdW-DF  

for Cu, Ag, [76] and also for Au [62]. The present Eads estimates are ~0.35 eV smaller than 
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previous ones, which one could partly attribute to a smaller coverage of 0.02 ML in the 

previous study, and a slightly different computational set up. In any case, the trend of Eads Cu 

~ Au > Ag is in excellent agreement with the earlier study, yet slightly differs with the Cu > 

Au > Ag trend found at vdW-DF level, which in turns also deviates from PBE and LDA 

results.  

Present results for Au and Cr are closer to the values obtained using the Tkatchenko-

Scheffler (Tk) vdW correction [77], as obtained by Hardcastle et al. [63]. Indeed the 

differences are of solely 0.16 and 0.07 eV, respectively. However, the PBE-Tk results showed 

a stronger adsorption for Cr compared to Au, whereas the PBE-D2 forecasts both adsorptions 

to be similar in strength, see Table 2. Concerning the adsorption position, both previous 

works [62,63] highlight the similar Eads values for H, B, and T positions, with preference for 

T site for Au and Cu, whereas H site is prognosticated for Ag and Cr, yet present results 

foresee B site occupancy. These structural aspects are discussed in depth in the next section.  

3b. Structural Properties 

Following the previous discussion, TM adatoms prefer, in general terms, to adsorb on 

H position, with the caveats of Ir, which prefers to adsorb on a h1 site, yet still a hollow site. 

The H preference is mainly preferred for chemisorption situations, whereas a reduced 

coordination is found for physisorption situations; this is, for TMs with d5 or d10 electronic 

configurations. Thus, for each hump along the d series one observes a coordination change 

from H→B→T. Here we note that Pd follows its d10 nature in this particular matter. Note that, 

for some metals such as Zn or Re, the energy differences between H, B, or T sites are 

minimal, almost negligible. 

Putting aside previous works where site allocation was deliberately chosen to be H 

[48,49], present results mostly agree with the previous study by Habenicht et al. [59] for 4d 

and 5d metals, following the H→B→T trend, with the exception of weakly adsorbed metals 
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Ag, Re, where, as above stated, all these sites are essentially isoenergetic, and Ir, which in the 

previous study was found to occupy B sites, whereas here h1 hollow site is found to be 

energetically most favoured. There is, however, disagreement with result from the work of 

Zólyomi et al. [58], who found for instance B sites for Mo, Pd, Pt, and Ag, and H for Mo and 

Au. On the other hand, a very good agreement with previous works is found for 3d metals, 

with very subtle deviations, such as placing Mn on H sites [50,53,55], or T site for Cr and Ag 

[50,52], although all these sites are really close in energy for such d5 or d10 elements. More 

curious is the H prediction for Mo [52], Cr [54], and other d5 elements [60], probably in the 

last case due to the neglect of spin polarization, which artificially produces overbonding of 

these elements on graphene. 

All that said, the adsorption strength is connected to the site preference, and both 

intimately related to structural aspects. In particular, as observed in Fig. 5, a bump is observed 

for group VI and VII TMs, related mainly to their weaker adsorption, which sits the adatom 

further away from the graphene sheet. Here we must stress again that Tc prefers a smaller h 

because of the abnormally large adsorption energy, and that Re adjusts to this rule, but with a 

rather large height of more than 4 Å, due to the rather weak adsorption energy. This relation is 

also observed for groups XI and XII, with a clearly increased height due to the very weak Eads 

values. Indeed, inset in Figure 5a shows how intimate is the relationship between h and Eads 

values, and also provides a clear picture of how the TM height is similar for all the 

chemisorption situations. 

The previous study at LDA level by Nakada and Ishii [60] predicted h values that are 

systematically shorter by 0.45 ± 0.53 Å, in line with the exceedingly large Eads values. This is 

at variance with the h values obtained by a Ceperley-Alder [78] (CA) LDA xc functional ab 

initio molecular dynamics study by Wang et al. [54], who also found a systematic 
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Figure 5: Adsorption height, h, of 3d, 4d, and 5d TM adatoms on graphene as well as 

graphene corrugation, c, both in Å. Shown are the PBE (open circles and solid lines) and 

PBE-D2 (filled circles and dashed lines) DF results. Inset correlates h values with the 

adsorption energies, Eads, in eV. 

 

 
 

underestimation of 0.45 ± 0.53 Å. Underestimations were also found for PW91 [48] or PBE 

[49] calculations, but much more attenuated; of 0.10 ± 0.11 and 0.28 ± 0.34 Å, respectively. 

Similarly disperse values are found for other GGA works in the order of 0.1 ± 0.2 Å [52,55] 

being the work of Zólyomi et al. [58] the one with a somewhat larger discrepancy with the 

present values by roughly 0.25 ± 0.33 Å.     

Corrugation values, as shown in Fig. 5, do also clearly reflect the adsorption site 

preference. Generally, adsorption on H sites produces a very small negative corrugation of 

0.02-0.04 Å, where graphene embraces the TM adatom. Conversely, adsorption on T or B 

sites implies a pinning up of the C atoms involved in the adsorption by tenths of an Angstrom. 

This trend holds true except for the very weak adsorption strengths of d5 or d10 TMs, 
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including Re, Ag, Zn, Cd, and Hg, all with Eads below 0.04 eV. Aside from that it is worth to 

mention Pd and Pt cases —which chemisorb on B sites— with sensibly large corrugations of 

more than 0.2 Å, and also Ir, that, despite being accommodated on a h1 hollow site, leads to a 

corrugation of 0.25 Å. 

The addition of the D2 vdW correction has little effect on the structural aspects. 

Considering the site position, the addition of a description for dispersive forces has an effect 

only on physisorbed adatoms. In particular, Re prefers to adsorb on T when adding vdW, 

better adjusting to the H→B→T trend, and Hg prefers H position, similar to Zn. Aside from 

that, the vdW correction has a very little effect on h values, reducing it by 0.04 Å at most for 

chemisorbed adatoms, with the only caveat of Nb (0.25 Å) and Ta (0.08 Å), which can, 

nevertheless, be attributed to a forced change of the electronic configuration, see below. The 

decrease in height is more accentuated for physisorbed adatoms, where atoms get closer to the 

graphene sheet, by values above 0.9 Å in some cases (Cd, Re, Hg). As far corrugation is 

concerned, the addition of D2 yields a better embracement, with values increased by ~0.03 Å. 

Variations for pinned up graphene C atoms are of the same order. 

Present results are in line with previous studies including a vdW description. Thus, 

PBE heights and vdW concomitant lowering are very similar to the values reported by Amft 

et al. at PBE-D2 and vdW-DF levels, with variations of ~0.1 Å at most [62]. Furthermore, a 

more significant h reduction is found for Ag compared to Au and Cu, as here also found. 

Curiously, PBE-Tk results by Hardcastle et al. [63] indicate that Au atoms are placed further 

away from the graphene layer, ~3.1 Å, whereas vdW-DF values with a similar adsorption 

energy, and also PBE-D2 indicate that Au would sit closer, at a distance of ~2.6 Å. On the 

other hand, PBE-Tk and present PBE-D2 h values for Cr are similar, ~2.1 and ~2.3 Å, 

respectively. Furthermore, the more distant situation of Au compared to Cr is also in 

agreement for both works. 
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Present results can be used to tackle the experimental evidence, although this is 

restricted to Ni and Co elements. Let us begin with Co adatoms; STM experiments on 

QFMLG assign the adsorption site to H, although the height from the graphene layers varies 

from 2.0 to 4.0 Å [32,47]. This is simply explained based on the fact that STM does not 

provide a direct measure of atomic heights but of the intensity I, which roughly stems out 

from the sum of orbitals sampled at a given tunnelling sample bias V. Nonetheless the height 

in the same experiment spans 2.0 to 2.4 Å depending on the V and I sampled, and previous 

theoretical simulations are textbook examples that electronic structure features are measured, 

and not the atomic structure per se, even if both are connected to some extent [79]. This 

particular aspect will be tackled in an oncoming study. Regardless of that, H position and 

moderate heights go side-to-side in present calculations.  

The same H position is found for Ni, with an apparent height of 2.3-2.4 Å on a MLG 

[42,44]. Keep in mind that in this situation there is a non-negligible contact of the underlying 

SiC surface and the graphene sheet, which can modify the adsorptive properties of the latter, 

and actually this seems to be case, since same experiments on QFMLG yields two 

competitive situations for Ni adatom on graphene, H and T positions, with heights of 3.5 and 

3.2 Å, respectively [41]. Something similar happens for Co, which is found to occupy T 

position on MLG at an apparent height of 3 Å, but again the two competitive situations H and 

T, with 3.1 and 2.2 Å apparent heights, respectively, on the QFMLG case. 

Present results for Ni and Co on graphene show that H is, on both cases, the preferred 

adsorption site. The T site is located 0.61 and 0.31 eV higher in energy, respectively. One 

could argue that such difference is too large to have such sites populated in steady-state 

experimental conditions. In fact, experiments were carried out at 12 K, thus avoiding the Co 

or Ni adatom diffusion, and it could well happen that these adatoms could get trapped at these 

less stable positions, this being a common feature for adsorbed molecules at very low 
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temperatures [80]. However, within this reasoning B sites should be also populated, but they 

were never argued to be an adsorption site, although B and T sites could easily be confused 

given the close spatial proximity. A relatively easy experiment to corroborate so would be the 

mild warming of the system enabling diffusion of less stable B and T sites to more stable H 

ones, followed by a back cooling to 12 K and STM observation of a majority of H sites.  

3c. Electronic and Magnetic Properties 

Finally, electronic and magnetic properties are unfolded. The net charges obtained 

through a Bader analysis are plotted in Fig. 6. From it a clear trend can be withdrawn; all TMs 

—with the exception of Au— transfer electron density to the graphene layer. However, this 

charge transfer is more acute for early TMs, and more attenuated for late TMs. This behaviour 

can be easily explained based on Pauling electronegativities, which decay when going along a 

d series. This is applied in conjunction with the graphene electronegativity, or, viewed from 

another perspective, with the relative positions of graphene Fermi energy and the relative 

energies of TM d and s orbitals, which prompt such a charge transfer. In any case, TMs n-

dope graphene, as experimentally observed for Ti, Fe, and Pt [36]. 

Moreover, present results highlight the special case of Au, whose very low 

electronegativity and high electron affinity prompts a graphene→Au charge transfer, and 

consequently, a p-doping of graphene. This is experimentally observed through a Dirac point 

shift into the unoccupied states region [37,39]. This p-doping is also predicted in other DF 

works, of the same ~0.1 e order [53,55]. These previous works show the same trends, 

although charge transfers are generally higher by 0.1-0.3 ± 0.1-0.3 e [48-50]. The work by 

Yazyez and Pasquarello show the trend, but at a higher coverage adatoms show a lower 

oxidation state by 0.23 ± 0.15 e [51]. Note in passing by that charged adatoms are thought to 

have an effect in dimer formation or larger cluster formation. According to this argument, 
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coulombic repulsion would go against dimer formation, and so, would support the 

existence of single adatoms, most at low temperatures. This would be more acute for earlier 

TMs, which feature the stronger oxidation state.  

 

Figure 6: Oxidation state (Q), local magnetic moment (µ) and the change of the atomic 

magnetic moment (Δµ ) of 3d, 4d, and 5d TM adatoms om graphene. Units are as in Tables 1. 

Shown are the PBE (open circles and solid lines) and PBE-D2 (filled circles and dashed lines) 

DF results. 

 

 
 

The vdW effect on the TM oxidation state is minimal, as observed in Fig. 6. Indeed, Q 

values differ by solely 0.06 e, this is, within the Bader analysis accuracy, and so, PBE and 

PBE-D2 values should be considered equal. This aligns with previous PBE-D2 and vdW-DF 

results on Cu, Ag, and Au [62]. Nevertheless, some caveats are necessary. The V adatom has, 

a priori, a very weak charge transfer as obtained at PBE, although addition of vdW forces 

description provides a value more in line with the overall trend. Aside from that, Tc is more 
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oxidized, in accordance to the enhanced adsorption strength, and, vice versa, Re is less 

oxidized, in line with the very weak interaction with graphene. 

The charge transfer is intimately connected to the local magnetic moment variation, 

Δµ, for early transition metals of groups III, IV, and, to a lesser extent, V and VI (see Tables 1 

and 2, and Fig. 6). For these adatoms, the local magnetic moment, µ, increases due to a charge 

transfer of an s electron to the graphene bandstructure, which becomes coupled. Thus, the 

remaining TM s electron becomes uncoupled, and the local magnetic moment increases by ~1 

µB. This goes along as well with the tabulated ionization states of the transition metal atoms. 

For later TMs this reasoning fails due to a competition between such ionization and a back 

donation process, as previously explained for 3d metals [50].  

For d5 TMs, the general outcome is a somewhat smaller charge transfer thus keeping 

the already stable d5 configuration. Indeed this feature is preserved in late d10 TMs, including 

Pd. For the rest of the late TMs the µ values get generally reduced roughly by two. This can 

be easily explained from the TM→graphene charge transfer of the majority spin component, 

which becomes coupled in the graphene band structure, and a graphene→TM back donation 

in the minority spin component. This effect appears twice for Tc, thus leading to a much 

reduced local magnetic moment in comparison to that of the isolated atom. Another particular 

case is Nb due to the ground state s1 d4 configuration. Here, the TM→graphene charge 

transfer implies that the transferred electron density becomes coupled in the graphene band 

structure, with the concomitant reduction of the local magnetic moment. Finally, Ir seems to 

merge its electrons to the graphene electronic structure, yielding a diamagnetic ground state, 

although this statement requires further validation by a deeper analysis of the electronic 

structure. 

In general terms, as seen in Fig. 6, µ increases along the d series up to reaching the d5 

elements. From this point on, there is an abrupt decrease of the magnitude of the magnetic 
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moment leading to small values or even to a non-magnetic ground state. In accordance with 

the calculated Δµ values, the abruptness is more remarkable in the case of Tc, and even more 

for Ir resulting in a diamagnetic ground state, at variance with other group IX (Co and Rh) 

elements. Here it is worth to point out that earlier experiments based on XMCD experiments 

[44] found that supported Fe and Co adatoms exhibit a paramagnetic ground state, whereas Ni 

adatoms are nonmagnetic, in excellent agreement with present results. 

Note that addition of vdW description has very little effect on the magnetic properties, 

and indeed, for almost all the studied TMs, the calculated magnetic moment is essentially 

equal to that obtained with the standard PBE functional. There are some exceptions to this 

trend, Nb and Ta adatoms suffer an electronic configuration change induced by the small 

vdW forces. Indeed, Ta is no longer transferring an s electron to the graphene sheet, but 

suffering from the above-commented donation back-donation at different spin channels. This 

substantially reduces its µ to a value of circa 1 µB. In the case of Nb, this mechanism operates 

twice, as in the case of Tc, thus significantly quenching its magnetic moment. Aside, vdW 

seems to inhibit the s electron charge transfer of Hf, and, on the contrary, at the PBE-D2 level 

Ir is found to have a non-zero magnetic moment. 

One has to keep in mind that vdW effect, rather than inhibiting/promoting a given 

electronic configuration, is changing the relative stability of the nearly degenerate multiple 

potential energy hypersurfaces corresponding to effective different electronic configurations 

for the adatom. In this repect, note that the electronic configuration of adsorbed Co can be 

controlled by a gate voltage [32,47], and indeed, calculations showed diverse configurations 

for Co on graphene, even at the same adsorption position, within an energy range of ~0.1 

eV.45 This is exactly the case also for Hf, Nb, and Ta, whose close different low spin 

configurations become, upon inclusion of vdW terms, slightly more stable than high spin ones 

by 0.1 eV at most, or, in the case of Ir, the high spin configuration is 0.06 eV more stable than 
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the non-magnetic one. These potential energy crossings should be the matter of a posterior 

study. 

The overall trend described above was also already found in previous studies dealing 

with a fraction of the TM elements. Curiously, the coincidences seem to be highly connected 

to the coverage. Indeed, previous GGA studies at the same coverage yielded only small 

deviations of the order of 0.1 ± 0.1 µB [48,53,55]. However, the magnetism is somewhat 

quenched for slightly smaller or larger coverages of 0.02 [50] and 0.04 [52] ML, with 

reduction of local magnetic moments by 0.23 ± 0.39 and 0.54 ± 1.45 µB, respectively. This 

seems to suggest that local magnetic moment is optimal at the 0.03 ML coverage, although 

further assessment on this matter would be required to firmly confirm this point. In any case, 

for the rather large coverage of 0.17 ML, Zólyomi et al. clearly found a more acute reduction 

of the local magnetism by 1.50 ± 1.76 µB [58], a strong indication that a metal monolayer is 

being formed, with a delocalized band structure which favors pairing the s and d electrons.      

 

4. Conclusions 

Adsorption of transition metal atoms on graphene constitutes an attractive way of 

modifying their electronic and magnetic properties, with implications in spintronics, 

nanomagnetism, and data storage. Aside, the functionalization of graphene by TM adatoms 

may have repercussions in molecular storage, sensing, and, furthermore, these adatoms can be 

the building blocks or even the active sites of envisioned graphene-supported catalysts. Here 

we provide a thorough density functional theory study of the structural, energetic, diffusivity, 

magnetic, and electronic properties for the full sets of 3d, 4d, and 5d TM adatoms adsorbed 

on graphene, complementing the study with additional calculation including explicitly vdW 



29 

 

forces and thus determining their relative importance. This has been done by systematically 

sampling high and low symmetry adsorption sites and the diffusion among them.  

Transition metal adatoms prefer to sit on H sites when chemisorbed, but the site 

preference shifts to B or T sites when physisorbed. The adsorption energy values follow a 

double hump trend, in which d5 and d10 elements feature physisorption due to the isolated 

atom stability. The diffusion energy barriers go in consonance with the adsorption energies; 

the larger the adsorption energy, the larger the barrier to be overcome for diffusion. Despite 

Eads values are increased by ~0.35 eV when adding vdW, the Edif values remain overall 

constant.  

The adatom height is governed by the adsorption strength, and therefore, physisorbed 

adatoms are located farther away from the graphene sheet (>2.3 Å) whereas chemisorbed 

atoms are located at circa 1.8 Å. These sit on H sites and prompt a graphene corrugation 

which embraces the TM adatom, whereas physisorbed TMs on B or T sites tend to pin up 

graphene C atom(s) by some tenths of an Å. Including dispersive forces merely approaches 

the physisorbed adatoms to the surface, in some cases by up to 1 Å. 

TMs adatoms are found to p-dope the graphene layer, with the exception of Au, which 

n-dopes graphene. The doping degree decays when going along a given d series, due to the 

increase of Pauling electronegativity. The TM adatoms do also infer magnetism to the 

resulting adatom-graphene, specially the early ones, which indeed, see their local magnetic 

moments reinforced through electron donation/back-donation and coupling mechanisms. 

From d5 elements on the magnetic moment abruptly decays, to a value of zero for late 

transition metals. Magnetism quenching mechanisms are highlighted, as well as the subtle 

interplay in between high and low spin states for selected transition metals, whose stability is 

in the order of the dispersive forces energy variations. 
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Finally, present results are compared to previous reports highlighting the effect of 

coverage, electron core, spin-orbit coupling, and the different employed levels of 

computation. Experimental observations such as adatom position, heights, clustering at 

different temperatures, Ostwald ripening growing vectors, the given p- or n-doping for 

specific adatoms, and even the electronic configuration at different sample gate voltages are 

rationalized by present calculations. Hence, present results provide a solid theoretical ground 

which provides the basis for interpreting and understanding already observed experimental 

features, but future findings as well.  
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