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Magnetic nature and hyperfine interactions of
transition metal atoms adsorbed on ultrathin
insulating films: a challenge for DFT7
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The magnetic ground state and the hyperfine coupling parameters of some first-row transition metal
(TM) atoms (Ti, Cr, Mn, Fe, Co, and Ni) adsorbed on ultrathin insulating oxide films are studied by means
of DFT calculations. The results obtained using GGA, screened hybrid, and GGA+U functionals are
compared for TMs adsorbed on free-standing MgO(100). Then, the case of adsorption on MgO mono-
and bilayers supported on Ag(100) is studied using GGA+U. Along with the problematic aspects inherent
to the calculation of hyperfine coupling constants, a critical dependence on the magnetic state and
electron configuration of the TM is reported, which implies a real challenge for the state-of-the-art DFT
methods. In the cases where all functionals considered provide a coherent magnetic and electron
configuration, however, the calculated hyperfine parameters do not depend significantly on the choice
of the functional. In this respect, the role of the metal support in the hyperfine coupling constants is
highly system-dependent and becomes crucial in all cases where the support modifies the oxidation
state of the adatom, induces a change in the bonding site or simply induces a rearrangement of the
orbital energy diagram. This has important implications for the modelling of single TM atoms deposited
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1. Introduction

In the last decade great advances have been made in the study
of isolated transition metal atoms deposited on the surface of
an inert support.”” There are various reasons why these species
are attracting increasing interest. In catalysis, metal atoms
stabilized on a support constitute a new class of single atom
catalysts, where the catalytic activity is related to the presence
of specific isolated active sites.> The adsorption, diffusion,
and nucleation of single metal atoms on inert surfaces are on
the basis of the nucleation and growth of supported nanoclus-
ters or nanoparticles,® and the evolution of these aggregates as
a function of temperature. This depends on the spill-over of
individual atoms from small metal aggregates to large ones, a
diffusion mediated process known as Ostwald ripening.”

An area where impressive progress has been made is in the
study of supported metal atoms as potential units to store or
manipulate information. Engineering and fabrication of single
atomic or molecular spins is of key importance for emerging
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quantum technologies. Combining high-resolution scanning
tunneling microscopy (STM) with accurate single site electron
paramagnetic resonance (EPR) measurements has opened the
way towards the possible realization of quantum devices where
the coupling between the magnetic atoms and the support is
used to encode information.®*°

To this end, transition metal atoms have been deposited on
“inert” supports, usually consisting of an ultrathin layer of an
insulating material (MgO, h-BN, and NaCl) grown on a metal
single crystal. It is useful to remind why this kind of support is
used. First of all, there is the necessity to decouple the electro-
nic wave function of the deposited atoms from that of the
support, something that is almost impossible when the support
is metallic and that requires an insulating buffer layer. On the
other hand, STM can only be used in connection with con-
ductive supports. The idea to grow ultrathin layers of an
insulator, usually an oxide, on a metal to study the properties
of supported species goes back to the early 1990s when it was
introduced to study at the atomistic level the structure of model
catalysts consisting of supported metal particles.'*™* We will
see below that 30 years of work in this area have shown that the
ultrathin films are not entirely decoupling the supported
species from the underlying metal surface, and that in specific
cases electron exchange via direct tunneling is possible, with
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consequent changes of the properties of the supported
metals.* In this respect, ultrathin layers represent a new class
of materials with properties that may differ significantly from
those of the corresponding bulk materials."®

The idea of using isolated TM atoms to encode information
is closely connected with their magnetic properties. The devel-
opment of single-atom EPR has opened the way towards the
study of isolated magnetic impurities or adsorbates. This is
remarkable as conventional EPR studies on chemical species
require spins of the order of 10" in order to produce a
measurable signal.'® Conventional EPR is an extremely sensi-
tive technique in terms of impurity species, but it cannot be
used in the context of isolated, single-atom species.

When magnetic metal atoms are deposited on a surface,
their hyperfine interactions can change substantially due to the
polarization of the (n + 1)s and nd orbitals that follows the
formation of a bond to the support. Au atoms deposited on the
(100) surface of a MgO single crystal result in a strong decrease
of the isotropic component of the hyperfine coupling constant
due to s-d hybridization.'” For K atoms deposited on polycrys-
talline MgO the shift in spin density is so pronounced that in
the past the change from the gas-phase to adsorbed K atoms
has been interpreted as the result of a net charge transfer to the
oxide, with the formation of EPR silent K' ions. In contrast,
combined EPR and theoretical calculations based on density
functional theory (DFT) have shown that there is no charge
transfer in K/MgO, but only spin polarization with strong
reduction of the isotropic part of the hyperfine constant.'®
These two examples show that the bonding of a free metal
atom to a surface can change, also substantially, its magnetic
properties.

When the support consists of ultrathin films 2-3 atomic
layers thick, other phenomena can take place related to spon-
taneous electron tunneling. For instance, in a recent EPR study
of single iron phthalocyanine [FePc] molecules deposited on
MgO/Ag(100) ultrathin films, it has been found that while this
molecule possesses a spin S = 1 in the bulk or on several
surfaces, it has a spin S =  on this support.'” The molecule
becomes negatively charged, [FePc], due to the spontaneous
transfer of one electron from the “insulating” support, accord-
ing to a mechanism proposed long ago for the case of Au atoms
on MgO/Ag(100) films."” The mechanisms underlying the elec-
tron exchange and ways to control it have been recently
discussed by Sterrer and coworkers in the context of a study
of pentacene molecules adsorbed on MgO/Ag(100) films.>°

There are also more dramatic examples of the interaction of
TM atoms with ultrathin insulating layers. Cr or Co atoms
deposited by soft-landing on two layers of NaCl supported on
Au(111) result in the spontaneous incorporation of TM atoms
into the Nacl film resulting in the substitutional doping of the
insulating layer.>** These examples demonstrate that the
interaction of TM atoms with two-dimensional insulating films
can result in complex interactions that modify the nature of the
adsorbed species or of the support.

Modeling these systems with first principles calculations is
important for various reasons.*® First of all, DFT calculations
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provide reliable information about the interaction of metal
atoms with the surface (adsorption sites, stability, charge state,
etc.). Then, one can study the nature of the ground state,
magnetic or not, and the formal occupation of the s, p, and d
states; if this results in hyperfine interactions, these can be
compared with experimental measurements now available,
thanks to the impressive advances mentioned above. An impor-
tant caveat concerning the magnetic properties of adatoms
calculated using DFT should be mentioned: Kohn-Sham orbi-
tals are not eigenfunctions of the total spin operator, but only
of its z-component.>***> However, the former is an experimental
observable, while the latter is not. The other aspect where
theory can provide important insight is into the nature of the
support, totally inert, partly interacting, or strongly bound to
the adsorbed metal species. All these aspects need to be treated
at a high-level of theory, as the competition between different
electronic configurations for an adsorbed TM atom may
depend on the level of theory used, in particular if one is
interested in spin properties. Commonly used DFT functionals
(based on the Generalized Gradient Approximation, GGA) tend
to delocalize unpaired electrons or holes, due to the severe
underestimation of the band gap.>® For this reason, the study of
trapped charges in semiconductors or insulators requires self-
interaction corrected functionals, such as the DFT+U approach
or hybrid exchange-correlation functionals. For all these rea-
sons, the study of isolated TM atoms on a support by means of
DFT calculations is not only interesting but also challenging.””

This is not the first DFT study of TM atoms on a support and
of their magnetic properties. The trends in the hyperfine
interactions of a series of adatoms on MgO, NaCl, h-BN, and
Cu,N have been recently investigated using GGA by Shehada
et al.*® With respect to this study, our work presents two new
aspects: (1) the calculations have been performed using self-
interaction corrected functionals (both hybrid and DFT+U
methods); and (2) the role of the metal support has been
explicitly considered by modeling MgO 1-2 layer films on
Ag(100) and comparing the results with those obtained on a
3-layers thick MgO slab that properly represents a MgO single
crystal. The problem of the magnetic nature of TM atoms on
oxide surfaces has been addressed also in other studies. Trends
in the bonding of TM to MgO, the preferred adsorption sites (O-
top, cation top, and bridge site) and the ground state of the TM
adatom have been discussed in the past.”*>

This paper is structured as follows: in Section 2 the adopted
computational methodology is described. In Section 3.1, the
results obtained using GGA, screened-hybrid, and GGA+U func-
tionals for TM bound to MgO(100) are compared and assessed.
In Section 3.2, the case of TM adsorbed on metal-supported
mono- and bilayers is discussed. A final discussion is summar-
ized in Section 4.

2. Computational details

Density functional theory (DFT) spin-polarized calculations are
carried out with the code VASP 6.°°37 The potentials are

This journal is © the Owner Societies 2022
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adopted according to the Projector Augmented Wave
scheme.*®*° The O (2s, 2p), Mg (2p, 3s), and Ag (4d, 5s) states
are treated explicitly. For the first-row transition metal ada-
toms, small-core potentials are adopted, including (3p, 3d, 4s)
states. Two different functionals are adopted: the Perdew,
Burke and Ernzerhof exchange and correlation functional,*’
within the Generalized Gradient Approximation (GGA), and the
screened hybrid Heyd, Scuseria and Ernzerhof HSE06
functional.”* Long-range dispersion is included according to
the D3 approach from Grimme, applying the Becke-Johnson
damping function.”>*® A kinetic energy cutoff of 400 eV is
adopted. Convergence criteria of 10™° eV and 1072 eV A~ are
used to truncate the electronic and ionic loops, respectively.

The free-standing MgO(100) surface is modelled with a 3,/2
x 3,/2 supercell of a three-layer slab. The reciprocal space
sampling reduces to I" point. The MgO/Ag interface is built as
discussed in previous papers,** assuming a coincidence
between MgO(100) /2 x /2R45° and Ag(100) (1 x 1). Oxygen
atoms are put in registry with the underlying Ag atoms, while
the Mg atoms occupy hollow positions. The MgO thickness
varies from one (monolayer, ML) to two atomic layers (bilayer,
BL). The Ag support is modelled with a 4-layer thick slab, where
the atoms from the bottom layer are frozen into their bulk
positions, while the positions of all other atoms are relaxed. In
order to ensure high dilution of the adsorbed adatoms, a 4 x 4
supercell is adopted. The reciprocal space is sampled with a
I'-centred 2 x 2 x 1 mesh of K-points.

The adsorption energy (E.qgs) is calculated as the energy of
the adsorbed adatom with respect to the clean surface and the
gas-phase transition metal atom in its magnetic ground state.
Two aspects need to be mentioned to the readers in this
respect: (i) DFT provides broken-symmetry solutions where
the d-orbitals manifold is no longer degenerate, and also the
spin symmetry is affected and (ii) a remarkable dependence of
the calculated adsorption energy from the specific functional
adopted has been previously reported, for instance in the case
of Cu atoms on MgO."

The magnetic properties of gas-phase and adsorbed TMs are
described reporting two quantities: the number of unpaired
electrons in the atomic orbitals (N*-N), as derived from the
integration of the projected density of states, and the estimated
electron configuration.

The main structural and electronic parameters of the MgO/
Ag interface, calculated with PBE+D3 and HSE06+D3, are
summarized in the ESI,f Table S1. GGA accurately describes
the Ag work function, while HSE06 incurs a remarkable under-
estimation. This may affect the charge transfer phenomena
determining the electronic and magnetic properties of any
adsorbate on metal-supported oxide films. The difficulties of
hybrid functionals in treating metallic systems have been
discussed in the past,® and the screened hybrid functionals,
such as HSE06, partly mitigate the problem but, as shown also
here, a certain inaccuracy remains. On the other hand, how-
ever, the critical failure of GGA in describing electronic and
magnetic properties of transition metal oxides has been widely
documented in the literature, as discussed in the previous
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section. A partial solution to this problem consists of the use
of the DFT+U approach, where the U correction is applied only
to specific sub-sections of the system of interest. Here we adopt
the following three-step approach:

1. The magnetic ground state of the adatom on free-standing
MgO is determined with HSE06.

2. The converged wave function is used as a starting input
for the self-consistent determination of the Hubbard parameter
U™ to be applied to the 3d orbitals of the adatom.

3. The self-consistently determined U is used as an onsite
potential on the adatom adsorbed on metal supported MgO
films, where the MgO/Ag interface is treated with bare GGA.

It must be pointed out that the self-consistent determina-
tion of U is not a variational process, and therefore one cannot
claim that this value is exact. However, it depends only on the
electronic structure of the transition metal adatom on MgO
calculated with the best method available here, namely HSE06,
without any empirical input, which ensures a certain robust-
ness to this approach.

The self-consistently determined Hubbard parameters for
all transition metal adatoms are reported in Table 1. A careful
assessment of this approach with respect to the hybrid HSE06
is performed for all adatoms adsorbed on MgO 3L in
Section 3.1.

We studied the hyperfine interactions of the electron spin
with the nuclear spin of the TM. In fact, also the hyperfine
parameters of the neighboring 'O nuclides contain some
relevant information on how the spin density spills over to
the support when the TM atom is adsorbed on MgO. However,
for the sake of conciseness, we did not include this information
in the paper. The hyperfine spin-Hamiltonian, Hyg = S-Al, is
given in terms of the hyperfine matrix A which describes the
coupling of the electron with the nuclear spin.>' The compo-
nents of A can be represented as:

Ae 0 0 Be 0 0
A=|0 4, 0|=aU+|0 B, 0 (1)
0 0 4. 0 0 B

where U is the unit matrix. The isotropic part, a5, of each
coupling constant is related to the spin density at the nucleus
(the Fermi contact term):

Qiso = (2/10/3)gN.8Ngeﬁe<ps> (2)

Table 1 Hubbard parameter determined self-consistently for the 3d
states of the adatoms (U*S, eV) and the nuclear gyromagnetic factor
(gn. TH2)

U™ (eV) en" (MHz T 1)
47T 5.7 2.40
33Cr 5.2 2.41
5*Mn 7.5 10.58
5Fe 6.1 1.38
%Co 4.6 10.08
SINi 5.3 3.81

% Data from ref. 50.
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where y, is the permeability of the free space, gy is the nuclear
g-factor, g. is the electronic g-factor for the site under consid-
eration, iy and f§. are the nuclear and Bohr magnetons, and
(p°) is the expectation value at the nucleus of the spin-density
operator. For a hydrogen atom, {p®) = |#°(0)|?. The value of the
free electron is assumed for g.. The anisotropic traceless tensor
B results from the dipolar interaction:

By = (Ho/4n)gNﬁNgeﬁeJ(3xixj/r5 - 51‘//"3)W(V)|2dV (3)

and can be described in its principal axis system by two
anisotropic hyperfine interaction constants b = 1B,, and b’ =
1(Bxx — Byy). It follows that in eqn (1) Byy = —b + b'; By, = —b — b';
B, = 2b.

We use the nuclear gyromagnetic factor, gy, experimentally
determined,’ as reported in Table 1.

The approach has been preliminarily tested with PBE with
respect to previous experimental and computational data for
some isolated atoms, Table 2. We start the analysis for a series
of light non-metallic elements (H, B-F). For the second row
series B-F, post Hartree-Fock calculations of the hyperfine
parameters have also been recently published.’> Then, we
extend the analysis to the series of alkali metals (Li-Rb), and
we finally consider two elements from group 11 (Cu and Au), for
which fully relativistic all-electron calculations were previously
presented.*® Overall, it appears that the PBE-PAW approach
adopted in this paper yields reasonably accurate results for
atoms displaying large a;s, (e.g: H, Na, Rb, Cu, and Au), in spite
of the various approximations implied.”* Notably, F is as well a
critical case. However, the method becomes much less reliable
if one deals with atoms displaying smaller isotropic hyperfine
constants. This is not surprising, if one considers that hyper-
fine parameters depend on electron-nucleus interactions,
where the description of the shielding effect and polarizability
of the core electrons play a role. Here, we rely on PAW
potentials to describe core electrons within the plane-wave
approach, whose strength lies in the possibility to efficiently
treat adatoms and insulating films supported on conductive
substrates. It must be noticed, however, that a strong

Table 2 Calculated (PBE) and experimental isotropic hyperfine coupling
constant, aiso (MHz) for a series of elements

Calculated a;s,“ (MHz) Experimental a;s, (MHz)
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dependence on the method and the basis set is reported also
in the case of sophisticated post-Hartree-Fock calculations for
the (B-F) series.>

Being aware of this limitation, we focus the discussion on
the effect of the substrate on the magnetic and hyperfine
properties of the adatoms, rather than on their accurate pre-
diction, which seems to be a task that may require high levels of
theory beyond DFT.

To this end, it is important to compare the experimental
results and calculations also in the case of a supported single
atom, as we do for Au and Au,/MgO(100) system, Table 3. For
the free Au atom, we compare our data calculated with PBE and
HSEO6 functionals to previous computational data calculated
with a slightly different GGA functional (PW91),"” also includ-
ing the spin orbit coupling, as well as to the experimental
value."” Overall, all these computational approaches provide a
reasonably good estimate of a;s,, with deviations smaller than
10% with respect to the experiment. Experimentally, a small
anisotropic component b is also reported (26 MHz), which is
not reproduced by any computational result, where the isolated
atom has a spherical symmetry. The most relevant change
induced by the adsorption on MgO is a large decrease of the
isotropic constant, from 3138 to 1405 MHz. The anisotropic
component almost vanishes (2.7 MHz). All calculations cor-
rectly predict the strong decrease of ais,, with a variable
quantitative agreement with the experiment. The data from
the present work seem to overperform those presented in
ref. 17, with both PBE+D3 and HSE06+D3 within 100 MHz
from the experiment. The very small value of b is hard to
reproduce for all computational approaches.

3. Results and discussion
3.1 MgO(100)

In this section we discuss the adsorption of Ti, Cr, Mn, Fe, Co,
and Ni adatoms on a three-layer MgO(100) slab that well
represents the bare MgO surface. For each atom, we compare
the results with PBE+D3, HSE06+D3 and PBE+U°“+D3. At first, a
scan of several possible adsorption sites has been performed
with PBE+D3 and HSE06: oxygen-top (T), bridge (B) and Mg-top

Table 3 Isotropic (aiso) and anisotropic (b) hyperfine parameters (in MHz)
for isolated and MgO-adsorbed Au atoms (only the most stable site is
reported)

Non-metals H 1429.8 1420.4%

B 4538 11.6, 18.6¢

C 82.3 19.5,% 22.5

N 40.3 10.5%

o 1174 —34.5"

F 1034.2 301.7"
Alkali metals Li  300.5 400.8°

Na 885.8 885.87

K 1124 229.8°

Rb  900.9 1011.7"
Transition metals Cu 6452.9 5867

Au 3079.4 3053; 3138*

“ present work. ? Ref. 55. © Ref. 56.  Ref. 57.  Ref. 58.7 Ref. 59. ¢ Ref.
60. " Ref. 61. ” Ref. 62.7 Ref. 63. * Ref. 64.

15894 | Phys. Chem. Chem. Phys., 2022, 24,15891-15903

Qiso (MHz) b (MHz)
Free Au, PW91+ SO* 3015 —
PBE 3079 —
HSE06 2908 —
Experiment” 3138 26
Au,/MgO(100) PW91+S0% 1704 7.3
PBE+D3¢ 1426 11.3
HSE06+D3% 1494 9.8
HSE06+D3% 1508 10.1
Experiment® 1405 2.7

@ Ref. 17. ° Ref. 64. © Mg,,0,, cluster model. ¢ Present work, (3y/2/2 x
3,/2/2)R45°, 3L slab model. ¢ Single point with HSE06 at the PBE+D3
geometry, present work. / Full relaxation with HSE06+D3, present work.

This journal is © the Owner Societies 2022
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Table 4 Free Ti atom and Ti;/MgO 3L. Adsorption site, adsorption energy, Ti-O and Ti—-Mg distances, number of unpaired electrons, electron

configuration, and isotropic and anisotropic hyperfine parameters

Method Site Eaas (€V) Ro (&) Rug (4) N*-NP EL Conf. aiso (MHz) b (MHz)
Free Ti PBE — — — — 2.0 4s? 3d* 48.4 —
HSE06 — — — 2.0 4s? 3d* 48.7 —
PBE+U* — — — — 2.0 4s% 3d* 52.2 —
Ti,/MgO(100) PBE+D3 T —2.20 1.85 3.04 2.0 45> 3d° 45.9 6.3
HSE06+D3 T —1.67 1.95 3.09 2.0 4s% 3d? 45.6 25.7
PBE+U*+D3 T —1.10 2.14 3.17 2.0 4s% 3d* 55.6 30.6

“ Tilted by 2.8°.

(M) (here we denote as bridge the Mg-Mg or O-O bridge site,
that in other studies is classified as hollow). In all cases, the
most stable adsorption site on MgO 3L is T, for all the
considered adatoms. On the supported films, on the contrary,
a certain variability is observed (vide infra). For the T adsorption
site, the calculations have then been repeated also with PBE+U.

In the case of Ti, Table 4, the adsorption energy, E,qs,
decreases almost by a factor of two passing from PBE+D3
(—2.20 eV) and HSE06+D3 (—1.67 eV) to PBE+U* + D3
(—1.10 eV). Conversely, the Ti-O and Ti-Mg distances follow
the opposite trend. Notably, only in the case of PBE+U°“+D3 a
small tilt (2.8°) of the adatom with respect to the O lattice site is
found. Conversely, the predicted Ti-O distance is significantly
larger compared to the other functionals.

The magnetic properties of the Ti atom, both in the gas-
phase and adsorbed on MgO(100), are reported in Table 4. For
the gas-phase atom, all functionals report a triplet ground state,
corresponding to the 4s> 3d” electron configuration. The Fermi
contact term, ajso, iS very similar, 48.4 MHz (PBE), 48.7 MHz
(HSE06) and 52.2 MHz (PBE+U). The situation for Ti;/MgO,
Table 4, does not report big changes with respect to the free Ti
atom. A triplet ground state (4s> 3d?) is forecasted using all
three functionals, similar to what was previously reported.*?
The Fermi contact term is also quite similar, varying from
45.9 MHz for PBE, to 45.6 MHz for HSE06 and 55.6 MHz for
PBE+U. The anisotropic term, b, is almost negligible for PBE
(6.3 MHz) and remarkably larger for HSE06 (25.7 MHz) and
PBE+U (30.6 MHz).

In the case of Cr;/MgO, Table 5, the three functionals
considered behave similarly to what was observed for Ti, as
far as the trends in terms of adsorption energy (PBE > HSE06
> PBE+U) and bond distances (PBE < HSE06 < PBE+U) are
concerned.

For the isolated Cr atom, Table 5, all functionals report the
same magnetic ground state (septuplet, 4s' 3d’) and very

similar Fermi contact terms: 149.3 MHz (PBE), 140.4 MHz
(HSEO06) and 141.5 MHz (PBE+U). A quenching of the magnetic
state to quintuplet, 4s> 3d*, is predicted by all functionals upon
adsorption of Cr on MgO. It is worth noting that Cr maintains a
neutral state on the surface, and the change in the magnetic
ground state is simply due to the splitting of the 3d manifold as
a consequence of the overlap with the orbitals of the substrate.
The Fermi contact term depends drastically on the 4s occupa-
tion, and sensibly decreases if a 4s® state is reached, as
predicted by all three functionals (Table 5). The anisotropic
term, b, is small for all three functionals.

In the case of Mn (Table 6), the adatom is adsorbed with E,qs
varying between —1.17 eV (PBE+D3), —0.97 (HSE06+D3) and
—0.60 eV (PBE+U+D3). The magnetic ground state is always a
sextuplet, but a small polarization of the support is reported for
HSEO06 (the integral of the charge population of the Mn orbitals
yields 4.96 electrons) and PBE (4.91), Table 6.

The analysis of the hyperfine properties for the free Mn atom
(Table 6) reveals a substantial agreement between all three
functionals (the differences related to the adopted functional
are within 12 MHz). No substantial change is reported for the
adatom’s magnetic ground state upon adsorption on MgO(100)
in terms of charge state, spin multiplicity or electron configu-
ration. However, the small spin polarization previously
described in the case of PBE induces a larger increase (around
10%) of the calculated a;5, compared to the free adatom’s case.
The anisotropic b term is close to zero, similarly to what was
observed for Cr.

Moving to the case of Fe, Table 7, a trend analogous to the
previous cases in terms of adsorption energy and bond dis-
tances as a function of the adopted functional is observed. It is
worth noting, however, that the larger affinity of Fe for oxygen,
compared to other metals, translates into larger E,qs and
smaller adatom-oxygen distances, Table 7. As far as the mag-
netic properties of Fe are concerned, a quintuplet magnetic

Table 5 Free Cr atom and Cr;/MgO 3L. Adsorption site, adsorption energy, Cr-O and Cr—Mg distances, number of unpaired electrons, electron

configuration, isotropic and anisotropic hyperfine parameters

Method Site Eaqs (eV) Ro (A) Rug (4) N*-NP EL Conf. aiso (MHz) b (MHz)
Free Cr PBE — — — — 6.0 4s' 3d° 149.3 —
HSE06 — — — — 6.0 4s' 3d° 140.4 —
PBE+U*¢ — — — — 6.0 4s' 3d° 141.5 —
Cr;/MgO(100) PBE+D3 T —0.93 1.90 3.01 4.0 45> 3d* 33.3 2.2
HSE06+D3 T —0.63 1.94 3.02 4.0 4s* 3d* 26.4 1.8
PBE+U“+ D3 T —0.33 2.01 3.08 4.0 4s® 3d* 30.6 2.0
This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 15891-15903 | 15895
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Table 6 Free Mn atom and Mn;/MgO 3L. Adsorption site, adsorption energy, Mn—-O and Mn-Mg distances, number of unpaired electrons, electron

configuration, isotropic and anisotropic hyperfine parameters

Method Site Eaqs (eV) Ro (&) Rug (A) N*-NP EL Conf. @iso (MHz) b (MHz)
Free Mn PBE — — — — 5.0 4s% 3d° 277.8 —
HSE06 — — — — 5.0 4s% 3d° 270.1 —
PBE+U*° — — — — 5.0 4s% 3d° 282.0 —
Mn,/MgO(100) PBE+D3 T -1.17 2.01 3.08 4.9 45> 3d° 321.6 1.7
HSE06+D3 T —0.97 2.07 3.12 5.0 4s% 3d° 284.8 0.5
PBE+U*+ D3 T —0.60 2.24 3.23 5.0 4s% 3d° 312.2 —0.6

Table 7 Free Fe atom and Fe;/MgO 3L. Adsorption site, adsorption energy, Fe—O and Fe—Mg distances, number of unpaired electrons, electron

configuration, and isotropic and anisotropic hyperfine parameters

Method Site Eags (€V) Ro (A) Rug (A) N*-NP El Conf. aiso (MHz) b (MHz)
Free Fe PBE — — — — 4.0 4s'* 3d%° 93.7 —
HSE06 — — — — 4.0 4s% 3d°® 39.5 —
PBE+U*¢ — — — — 4.0 4s? 3d° 40.4 —
Fe,/MgO(100) PBE+D3 T —1.80 1.89 2.96 3.9 4s” 3d° 52.5 -3.7
HSE06+D3 T —-1.35 1.92 2.98 3.9 4s% 3d°® 44.5 —4.5
PBE+U*+D3 T —0.94 2.01 3.06 4.0 4s% 3d°® 45.9 —5.5

state corresponding to a 4s> 3d® occupation is obtained with
HSE06 and PBE+U. PBE, instead, provides a solution where 3d
and 4s states are strongly mixed, preserving thus the total spin
multiplicity, but at the price of a strong orbital contamination.
Notably, the Fermi contact term calculated with PBE (93.7 MHz)
is more than twice that calculated with HSE06 (39.5 MHz) and
PBE+U (45.9 MHz). Overall, the case of Fe;/MgO looks simpler
than the free Fe atom, since all three functionals provide an
analogous solution in terms of spin multiplicity and electron
configuration, which also implies a substantial agreement for
Giso (52.5 MHz with PBE, 44.5 MHz with HSE06 and 45.9 MHz
for PBE+U) and b, very small in all cases.

The case of Co is quite peculiar. As shown in Table 8, the
adsorption energy obtained with HSE06+D3 is larger compared
to PBE, in spite of larger Co-O and Co-Mg distances. This can
also be related to the difficulties of PBE in getting the right
magnetic ground state for the Co atom, vide infra. As observed
in the other cases, PBE+U yields remarkably smaller E,q5, even
though the Co-O and Co-Mg distances are comparable.

In Table 8 the magnetic properties of free- and MgO-
adsorbed Co atoms are reported. It can be seen that, for the
free atom, PBE reports a different electron configuration

(4s'3d®) compared to HSE06 and PBE+U (4s°3d”). This reflects
in a very large Fermi contact term with PBE (1111.0 MHz) with
respect to HSE06 (302.9 MHz) and PBE+U (310.0 MHz). If the
calculation of free Co with PBE is forced to the same 4s> 3d’
electron configuration obtained with HSE06 and PBE+U, also
aiso becomes relatively close to what was obtained with the
other functionals (309.4 MHz), Table 8. Upon adsorption on
MgO, all functionals predict a rearrangement to a 4s* 3d®
configuration, with a net magnetization between 2.8 (PBE)
and 2.9 (HSE06 and PBE+U), indicating a certain transfer of
spin polarization to the O atom bound to the TM atom. The
Fermi contact shows a strong increase with respect to the free
Co atom in (4s5”3d’) configuration up to 560.0 MHz (PBE),
489.4 MHz (HSEO06) and 620.0 MHz (PBE+U). The anisotropic
constant, b, is larger in absolute value compared to the previous
cases, and varies between —47 MHz (PBE and PBE+U) and
34.6 MHz (HSE06).

The last case examined is Ni. The adsorption energy is much
larger for PBE+D3 (—2.15 eV) compared to HSE06+D3
(—1.33 eV) and PBE+U+D3 (—1.19 €V), Table 9. PBE also gives
a shorter Ni-O bond distance (1.79 A) compared to the other
functionals. The discrepancy of PBE compared to HSE06 and

Table 8 Free Co atom and Co;/MgO 3L. Adsorption site, adsorption energy, Co—O and Co—Mg distances, number of unpaired electrons, electron

configuration, and isotropic and anisotropic hyperfine parameters

Method Site Eags (€V) Ro (A) Rug (A) N*-NP El Conf. aiso (MHz) b (MHz)
Free Co PBE — — — — 3.0 45" 3d® 1111.0 —

PBE“ - - - — 3.0 4s* 3d’ 309.4 -

HSE06 — — — — 3.0 4s% 3d” 302.9 —

PBE+U*® — — — — 3.0 4s* 3d’ 310.0 —
Co,/MgO(100) PBE+D3 T —1.58 1.84 2.90 2.8 4s" 3d® 560.0 —47.5

HSE06+D3 T —1.74 1.93 2.93 2.9 4s" 3d® 489.4 34.6

PBE+U*+D3 T —0.87 1.89 2.94 2.9 45" 3d® 620.0 —47.3

“ Excited state by 0.31 eV.
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Table 9 Free Ni atom and Ni;/MgO 3L. Adsorption site, adsorption energy, Ni-O and Ni—Mg distances, number of unpaired electrons, electron

configuration, and isotropic and anisotropic hyperfine parameters

Method Site Eags (€V) Ro (&) Rug (4) N*-NP EL Conf. aiso (MHz) b (MHz)
Free Ni PBE — — — — 2.0 4s'3d° 996.0 —
HSE06 — — — — 2.0 4s'3d° 940.2 —
PBE+U*¢ — — — — 2.0 4s'3d° 964.9 —
Ni,/MgO(100) PBE+D3 T —2.15 1.79 2.81 0.0 45°3d"° 0.00 0.00
HSE06+D3 T -1.33 1.91 2.86 0.0° 4s'3d° 820.9 34.3
PBE+U*+D3 T ~1.19 1.96 2.95 0.0° 4s'3d° 872.1 37.5

“ Open shell singlet.

PBE+U is even more drastic if one considers the magnetic
properties of nickel on MgO, Table 9. While for the free atom
a substantially coherent picture is obtained comparing the
three functionals (triplet magnetic ground state corresponding
to a 4s'3d° electron configuration and very large Fermi contact
varying between 996.0 MHz for PBE and 940.2 MHz for HSE06),
in the case of Ni/MgO(100) we assist to a severe failure of PBE;
this functional, indeed, predicts that the Ni atom maintains a
neutral charge state, but rearranges to a closed-shell 4s5°3d"°
electron configuration, implying a diamagnetic character of the
TM atom. This prediction is not confirmed by the hybrid
HSE06+D3 functional, where the Ni adatom maintains a para-
magnetic 4s'3d° open-shell singlet configuration, with a large
residual Fermi contact term of 820.9 MHz. The low-spin open
shell configuration was already determined as the ground state
for hybrid functional calculations on Ni;/MgO.*> The PBE+U
functional substantially agrees with the higher-quality hybrid
HSEO06, yielding an open-shell singlet configuration with an a;s,
term as large as 872.1 MHz. The anisotropic b term is not
negligible (34.3 MHz for HSE06 and 37.5 MHz for PBE+U). The
standard GGA approach, thus, fails to identify the magnetic
nature of adsorbed Ni atoms, as previously reported.>® The
complexity of Ni is related to the specific nature of this atom,
where the 45>3d® (°F) and 4s'3d° (*D) atomic configurations are
separated by 25 meV only, while the closed shell 4s°3d"° (*S)
configuration is 1.82 higher in energy.®®

3.2 Ag-Supported MgO films

In this section, we examine a further class of supports, consist-
ing of ultrathin films of MgO supported on Ag(100). This is, in
fact, the type of support used for single-atom applications in
the domains of memory resistors and microelectronics for the
reasons mentioned in the introduction. In this work, we
considered both MgO monolayers (ML) and bilayers (BL). From
a methodological point of view, a compromise is necessary:
while GGA functionals combined with PAW potentials fail in
some cases to provide the right magnetic ground-state of both
free and adsorbed TM atoms (see previous section), the hybrid
HSEO06 functional ensures a better description of the magnetic
properties, but predicts poorly the Ag work function, a key-
parameter in determining the final charge state of adsorbates
on metal-supported thin films, among others. In this context,
PBE+U represents a good compromise, ensuring a reasonable
treatment of both the adatom’s magnetic properties and the
metal support. We thus rely on PBE+U+D3 for all calculations
described in this section. We should point out, however, that
the reliability of the Hubbard parameters described above has
been tested only for the case of magnetic properties of the TM
adatoms, which does not imply that they could generally be
applied to different systems.

We start from the case of Ti, Fig. 1. The effect of the metal
support is already evident as soon as one looks at the most
favourable adsorption site, which switches from oxygen-top (T)

BRIDGE

mm-mmmmnm

Free Ti

MgO 3L i} -1.10 0
(Mg0)s,/Ag B -1.25 +1
(MgO) . /Ag B -1.85 +1

Fig.1 Ti adatom. Most favourable adsorption mode on MgO 3L (left), (MgO)g /Ag (middle) and (MgO)m /Ag (right). Adsorption site (T =

2.0
2.9
2.4

452 3d? 52.2

452 3d? 55.6 30.6
4s13d? 157.1 =l5
4s13d? 133.1 -1.0

O top,

B = bridge), adsorption energy (E,qs), formal oxidation state of the adatom (O.S.), number of unpaired electrons (N*~NP), electron configuration (EL. Conf.),

and isotropic (ajso) and anisotropic (b) hyperfine parameters.
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for free-standing MgO to bridge (B) for supported bi- and
monolayers. The adsorption energy increases from —1.10 eV
(free-standing MgO) to —1.25 eV for (MgO)g;/Ag and —1.85 eV
for (MgO)m1/Ag. Most importantly, Ti is adsorbed in a neutral
state on free-standing MgO, while it loses an electron to a
formal Ti'" state on Ag-supported films. Conversely, the elec-
tron configuration changes from 4s> 3d> to 4s' 3d®> upon
ionization. This has strong implications on the hyperfine
properties. The Fermi contact term on MgO 3L is 55.6 MHz
(very close to the free atom) and increases to 157.1 MHz on
(MgO)g; /Ag, where the total number of unpaired electrons on
the adatom is 2.9. In (MgO)y/Ag, the mixing with the Ag states
is stronger, resulting in a partial quenching of magnetization to
2.4 electrons, a partial transfer of the spin density to the O
atoms on the surface, and a consequent decrease of the Fermi
contact to 133.1 MHz. The anisotropic term is very small in
all cases.

For Cr, Fig. 2, the most favourable adsorption site is always
oxygen-top (T) on all supports. At variance from the case of Ti,
no ionization of the adatom is reported. The adsorption energy
yielded on MgO 3L (—0.33 eV) is remarkably smaller compared
to that on (MgO)g;/Ag (—0.62 eV). The total number of unpaired
electrons passes from 4.0 to 6.0. Moreover, the presence of the
metal support induces a change in the electron configuration,
which switches from 4s” 3d* on MgO 3L to 4s" 3d> on (MgO)g,/
Ag, with a strong impact on the Fermi contact term, which
passes from 141.5 MHz for the free atom, also displaying a 4s"
3d’ electron configuration to 30.6 MHz on MgO 3L (4s> 3d%)
and further increases to 97.4 MHz on (MgO)g,/Ag (4s* 3d%). On
(MgO)mr/Ag, finally, a further increase in E,qs is reported
(—0.86 €eV). As observed also for Ti, the net magnetization
quenches to 5.4 electrons. The Fermi contact term is 99.6
MHz, close to what was obtained on (MgO)g;/Ag. The aniso-
tropic term is very small on all supports.

In the case of Mn, Fig. 3, we observe that the adatom is
moderately bound in the top position on MgO 3L and (MgO)g,/

View Article Online

PCCP

Ag (Eaqs is —0.60 eV and —0.56 eV, respectively). On (MgO)yr/Ag
there is a strong increase in the adsorption energy (—0.99 eV)
and the most favourable adsorption site is now bridge. While
Mn is adsorbed in the neutral state on MgO 3L and (MgO)g/Ag,
ionization to Mn'" takes place on (MgO)y/Ag. An electron is
lost from the 4s orbital, generating a (4s' 3d°) electron configu-
ration, at variance from the (4s> 3d”) configuration observed for
the isolated Mn atom and for Mn adsorbed on MgO 3L and
(MgO)g1/Ag. The Fermi contact term slightly increases from
282.0 MHz (isolated adatom), to 312.2 MHz (MgO 3L), and
358.5 MHz (supported bilayer). Then, a strong increase is
observed on the supported ML (579.2 MHz) due to the presence
of an unpaired electron in the 4s orbital. The anisotropic term
also follows the same increasing trend.

In the case of Fe, Fig. 4, the adsorption on the supported
MgO films differs, in particular for the monolayer, from the
adsorption on free-standing MgO. The most favourable adsorp-
tion site is top on MgO 3L and (MgO)g;/Ag, while it switches to
bridge for (MgO)y/Ag. Once again, the monolayer exhibits a
peculiar behaviour. The adsorption energy, at variance to what
was reported in the previous cases, does not undergo a very
large increase passing from MgO 3L (—0.94 eV), (MgO)pi/Ag
(—0.87 eV) to (MgO)mr/Ag (—1.09 eV). The main difference with
the cases of Ti, Cr, and Mn, in this respect, lies in the relatively
stronger bond of Fe on MgO(100). From the point of view of the
magnetic and hyperfine properties, we observe little changes
passing from the free atom to Fe;/MgO 3L and Fe;/(MgO)z./Ag:
on these supports, the Fe atom maintains its neutral state and a
net magnetization of 4.0 electrons, as well as a (4s® 3d°)
electron configuration. The Fermi contact term increases
slightly from 40.4 MHz (free adatom) to 45.9 MHz (free-
standing MgO) and 47.1 MHz (supported bilayer). The aniso-
tropic term B reaches values close to 11 MHz on MgO 3L and
(MgO)g1/Ag. The situation is different on the silver-supported
MgO monolayer, where a partial electron transfer occurs from
the Fe 4s orbital to the metal support, resulting in a Fe

RS SRR WYY TOP R

"'y,
- »

\\"'

mmmmmm

Free Cr 0 4s!3d° 141.5

MgO 3L T -0:33 0 4.0 4s23d* 30.6 2.0
(Mg0),, /Ag T -0.62 0 6.0 45135 97.4 0.3
(MgOo),/Ag T -0.86 0 5.4 451345 99.6 0.2

Fig. 2 Cr adatom. Most favourable adsorption mode on MgO 3L (left), (MgO)g /Ag (middle) and (MgO)m/Ag (right). Adsorption site (T = O top, B =
bridge), adsorption energy (E.qs), formal oxidation state of the adatom (O.S.), number of unpaired electrons (N*~NP), electron configuration (EL. Conf.),

and isotropic (ajso) and anisotropic (b) hyperfine parameters.
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Free Mn 4s23d° 282.0

MgO 3L T -0.60 0 5.0 4s23d° 312.2 -0.6
(MgO)s /A8 T -0.56 0 5.1 45235 358.5 2.0
(MgO) . /Ag B -0.99 +1 33 45135 579.2 4.7

Fig. 3 Mn adatom. Most favourable adsorption mode on MgO 3L (left), (MgO)g /Ag (middle) and (MgO)m/Ag (right). Adsorption site (T = O top,
B = bridge), adsorption energy (E,qs), formal oxidation state of the adatom (O.S.), number of unpaired electrons (N*~NP), electron configuration (EL. Conf.),

and isotropic (ajso) and anisotropic (b) hyperfine parameters.
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Free Fe 452 3d° 40.4

MgO 3L T -0.94 0 4.0 4s23d° 45.9 -5.5
(Mg0)s,/Ag T -0.87 0 4.0 452346 47.1 6.7
(MgO)/Ag B -1.09 +1 4.5 45136 80.4 3.8

Fig. 4 Fe adatom. Most favourable adsorption mode on MgO 3L (left), (MgO)g /Ag (middle) and (MgO)u/Ag (right). Adsorption site (T = O top,
B = bridge), adsorption energy (E,qs), formal oxidation state of the adatom (O.S.), number of unpaired electrons (N*~NP), electron configuration (EL. Conf.),

and isotropic (ajso) and anisotropic (b) hyperfine parameters.

magnetization to 4.5 unpaired electrons. This reflects in an
increase by almost a factor of two of ajs, (80.4 MHz), while b
slightly decreases to 3.8 MHz Fig. 5.

Isolated Fe species on (MgO)g;/Ag have been studied experi-
mentally by means of spin-polarized scanning tunnelling
spectroscopy in combination with single-atom electron spin
resonance.’ The Fe atom is assumed to occupy only oxygen-top
sites, and the large hyperfine constant (231 MHz) is explained
in connection with the predominant alignment of the electron
spin density along the z-axis (i.e. parallel to the applied mag-
netic field). Our calculations confirm the top site as the only
stable adsorption site (a calculation starting from a bridge
configuration spontaneously evolved to the top), but a remark-
ably smaller hyperfine constant (47 MHz) is calculated. This
can be attributed to the fact that the five 3d orbitals of the Fe
atoms are no longer degenerate and that different occupations
are possible, in particular the 3d(z*) orbital with a component

This journal is © the Owner Societies 2022

normal to the surface can be doubly or singly occupied, with
consequent effect on a;s,. Furthermore, one should consider
the intrinsic limitations of DFT in predicting the hyperfine
coupling constants of some atoms, see Table 2.

Cobalt is perhaps one of the most complicated cases seen so
far. The adsorption geometry switches from top (free-standing
MgO) to bridge (supported bilayer) and back to top (supported
monolayer). The adsorption strength does not follow a regular
trend, being —0.87 eV (free-standing MgO), —0.67 eV (sup-
ported bilayer) and —1.16 eV (supported monolayer). This is
probably caused by the non-banal mixing of states between the
adatom, the MgO film and the silver support. Notably, Co is not
ionized on any support, but, as discussed in the previous
section, its electron configuration changes from (4s> 3d’) in
the free atom to (4s' 3d®) on MgO 3L. On (MgO)g /Ag, the 4s
and 3d states are mixed up envisaging a fractional occupation,
even though the net magnetization still consists of 3 unpaired
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Free Co - = 0 3.0
MgO 3L T -0.87 0 3.0
(Mg0)g /Ag B -0.67 0 3.0
(Mg0), /A T -1.16 0 2.4

4s23d’ 310.0 0.0

4st3d8 620.0 -47.3
45053(d8> 237.2 -12.8

4s23d” 110.8 19.8

Fig. 5 Co adatom. Most favourable adsorption mode on MgO 3L (left), (MgO)g /Ag (middle) and (MgO)u/Ag (right). Adsorption site (T = O top,

B = bridge), adsorption energy (E,qs), formal oxidation state of the adatom (O.S.

and isotropic (ajso) and anisotropic (b) hyperfine parameters.

electrons. On (MgO)y/Ag, on the contrary, the magnetic
moment is remarkably quenched and the 4s orbital is again
doubly occupied. The Fermi contact term displays strong
oscillations and is 310.0 MHz on the free atom, it doubles to
620.0 MHz on the supported bilayer and decreases to
110.8 MHz on the supported ML, as a consequence of the
double occupation of the Co(4s) orbital and the quenching of
the magnetization on the Co(3d) orbitals, induced by the over-
lap with the metal support wave function. The dipolar tensor
also oscillates from —47.3 MHz (MgO 3L) to —12.8 MHz and
19.8 MHz on the supported films.

Finally, we move to the case of Ni, Fig. 6. Also in this case,
the adsorption on the supported films differs substantially
from that of the free-standing case. On MgO 3L, the Ni atom
is adsorbed neutrally with an open-shell singlet magnetic
ground state and a (4s' 3d°) electron configuration. The
adsorption energy is —1.19 eV (top site). On (MgO)g/Ag, Ni
loses one electron and is adsorbed as Ni* on a bridge site with

), number of unpaired electrons (N*~NP), electron configuration (EL. Conf.),

an E,qs of —1.10 eV. The net magnetization decreases to 1.3
electrons, and the loss of a 4s electron implies a dramatic
decrease of the Fermi contact term from 872.1 MHz (free-
standing MgO) to 61.9 MHz (supported ML). The case of
(MgO)mi/Ag is quite similar to the bilayer, but the adsorption
energy is larger. The Fermi contact term is 88.0 MHz, close to
the bilayer, reflecting a similar magnetic ground state and
electron configuration. The dipolar term does not undergo
dramatic variations passing from the free-standing support to
the metal-supported ones. The preference for the bridge site
and the positive character assumed by the Ni adatom on
(MgO)vi/Ag is in agreement with previous GGA+U
calculations.*

4. Conclusions

We have compared the calculated magnetic and hyperfine
properties of a set of first-row transition metal atoms adsorbed

mmmmmm

Free Ni 4s13d° 964.9

MgO 3L il =119 0 0.0 4s13d° 872.1 S/
open shell

(MgO)g, /Ag B -1.10 +1 1l2) 4s°3d° 6189 30.1

(MgO) . /Ag B -1.59 +1 il 4s03d° 88.0 =352

Fig. 6 Ni adatom. Most favourable adsorption mode on MgO 3L (left), (MgO)g /Ag (middle) and (MgO)m /Ag (right). Adsorption site (T = O top,

B = bridge), adsorption energy (E,qs), formal oxidation state of the adatom (O.S.

and isotropic (ajso) and anisotropic (b) hyperfine parameters.
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on free-standing and silver-supported MgO thin films. The aim
of the work is not so much to provide “exact” values of the
hyperfine coupling constants that can be used as a guide for
experiment, but rather to show the complexity associated with
the determination of these properties using electronic structure
calculations based on DFT. In fact, there are two important
aspects that cannot be underestimated: (1) the method used to
determine the spin properties, as the use of different func-
tionals can result in different ordering of the magnetic states
and in different ground states; (2) the model adopted to
represent the support since the use of ultrathin insulating
layers does not prevent from a possible interchange of electrons
between adatoms and supporting metals. The results of the
calculations on a bulk oxide can differ substantially from those
on supported layers.

Indeed, the results confirm that the problem under investi-
gation is a real challenge for the state-of-the-art DFT methods.
On the one hand, the well-documented drawbacks of GGA in
accounting for the magnetic properties and localized states in
oxidic matrices are once again revealed. On the other, the
screened hybrid functionals, that definitely represent a better
choice to treat wide-gap insulators and highly correlated elec-
trons, worsen the description of the metallic support. The
approach proposed here consists of determining self-
consistently a Hubbard parameter for each adatom, starting
from the HSE06 solution for the TM atom adsorbed on free-
standing MgO; the adsorption on the metal supported films is
then studied with PBE+U*°. This scheme well reproduces the
results obtained for TM/MgO for most of the adatoms (Ti is
perhaps the most critical case).

The role of the metal support in this type of simulations has
been debated in the literature, claiming that it should be
small,”® or even that the tendency of DFT to overestimate the
mixing between Ag, MgO and TM orbitals may actually worsen
the quality of the results.” The results exposed here seem to
suggest a more complex picture, characterized by a pronounced
system dependency. In some cases, such as Fe or Mn, we do not
report striking differences between TM/MgO and TM/(MgO)g,/
Ag (in this respect, the supported ML is a very different
substrate). In other cases, Cr, Co, and Ni, the presence of the
metal substrate induces a charge transfer or a change in
electronic configuration that in turn strongly affects the hyper-
fine parameters. The predicting power of calculations on free-
standing model structures, in a frame of potential applications
where the real system is indeed an ultrathin supported film, is
thus questionable and requires some care.
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