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Abstract
Individual nuclear spin states can have very long lifetimes and could be useful as qubits.
Progress in this direction was achieved on MgO/Ag(001) via detection of the hyperfine
interaction (HFI) of Fe, Ti and Cu adatoms using scanning tunneling microscopy. Previously,
we systematically quantified from first-principles the HFI for the whole series of 3d transition
adatoms (Sc-Cu) deposited on various ultra-thin insulators, establishing the trends of the
computed HFI with respect to the filling of the magnetic s- and d-orbitals of the adatoms and on
the bonding with the substrate. Here we explore the case of dimers by investigating the
correlation between the HFI and the magnetic state of free standing Fe dimers, single Fe
adatoms and dimers deposited on a bilayer of MgO(001). We find that the magnitude of the HFI
can be controlled by switching the magnetic state of the dimers. For short Fe-Fe distances, the
antiferromagnetic state enhances the HFI with respect to that of the ferromagnetic state. By
increasing the distance between the magnetic atoms, a transition toward the opposite behavior is
observed. Furthermore, we demonstrate the ability to substantially modify the HFI by atomic
control of the location of the adatoms on the substrate. Our results establish the limits of
applicability of the usual hyperfine hamiltonian and we propose an extension based on multiple
scattering processes.

Keywords: adatoms, nanostructures, magnetic properties and materials, surfaces,
interfaces and thin films, hyperfine interaction
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1. Introduction

Magnetic adatoms on thin insulating layers have attracted a
lot of attention due to potential applications in magnetic stor-
age [1, 2] and quantum coherent manipulation [3, 4]. Thin
insulating layers [1, 2, 5–20] are very appealing for qubits
realizations on the basis of adatoms since their interaction
with the substrate’s conduction electrons is strongly reduced,
which should favor coherence.Magnetic adatoms on thin insu-
lating layers such as MgO [1, 2, 13, 15–18, 21, 22], Cu2N
[5–10, 20] and h–BN [11, 14, 19] have been investigated
experimentally usually using scanning tunneling microscopy
(STM) technique [23]. In comparison to spin moments, indi-
vidual nuclear spin states tend to have a much longer lifetime
and hold in principle a greater promise as building blocks for
quantum computers [24–29]. Access to the hyperfine interac-
tion coupling the nuclear spin to the electronic one [30] offers
a wide range of applications since it provides insight into the
electronic structure, magnetic state and chemical bonding of
atoms, molecules and solids, as explored with nuclear mag-
netic resonance techniques [31].

The recent development of STM-based single-
atom electron paramagnetic/spin resonance (EPR/ESR)
[17, 21, 22, 32–40] led to several breakthroughs and enabled
the possibility of detecting the weak hyperfine interaction
associated to single Ti, Fe, Cu adatoms and Ti dimer on
MgO/Ag(001) [41–43]. We note that a deep understanding
of the mechanism enabling the STM-based EPR/ESR exper-
iment is still a puzzle under heavy investigation [39, 44–49].
Regarding the hyperfine interactions, it is interesting that they
were detected, so far, on a limited set of adatoms on a bilayer
of MgO film.

In a previous study [50], we reported on vast system-
atic ab initio calculations based on density functional theory
(DFT) of the hyperfine interactions for isolated 3d magnetic
transition metal adatoms (from Sc to Cu) placed on different
ultrathin insulators with different thickness and bonding site,
namely MgO, NaF, NaCl, h–BN and Cu2N. We identified the
adatom-substrate complexeswith the largest hyperfine interac-
tions and unveiled themain trends and exceptions.We revealed
the core mechanisms at play, such as the interplay of the local
bonding geometry and the chemical nature of the thin films.
Also, we showed how the hyperfine interactions give access to
information about the local electronic structure and what are
the main quantities that determine their properties.

In this work, we take one step further by exploring the
case of Fe dimers free-standing or deposited on a bilayer of
MgO(001). We note that Ti dimers were investigated experi-
mentally [42]. Here we choose to study the case of Fe nano-
structures because: (i) the Fe adatoms are characterized by a
larger hyperfine interaction than Ti adatoms [42, 50]; (ii) in the
experimentally measured Ti dimer, only one of the adatoms
carries a nuclear spin [42]; (iii) identification of dimer-induced
multiple ESR peaks should be easier in Fe than Ti since the
former carries a nuclear spin of 1

2 instead of the larger nuclear
spin expected for Ti

(
5
2 or 7

2

)
[51]. We investigate the impact

of the magnetic alignment of the spin moments as function of

their distance and bonding site on the strength of the hyperfine
interaction.

2. Methodology and computational details

2.1. Methodology

The hyperfine Hamiltonian is given by [52, 53]

Ĥ= S ·A(R) · I , (1)

where A is the hyperfine coupling tensor between the electron
spin S and the nuclear spin I.R stands for the nucleus position
and the angular momenta are measured in units of ℏ.

The hamiltonian can be decomposed into two terms [53]:
the Fermi contact term a, which is isotropic and the dipolar
interaction b, being a traceless tensor: 2SAij = aδij+ bij (i, j=
x,y,z). The factor of 2S is used to convert between the hyper-
fine parameters that enter equation (1) and the hyperfine field
(see e.g. equation (2) for the Fermi contact contribution). Since
our calculations assume the scalar-relativistic approximation
and focus on the Fermi contact term, which is the dominant
contribution, we neglect in our analysis effects induced by
spin–orbit coupling because it was previously found to have a
small effect on the computed hyperfine interactions for trans-
ition metal centers and even for heavy atoms [54, 55], to give
some examples. We also choose not to discuss the dipolar con-
tribution to the hyperfine interaction, as we found it to make
a small contribution and to be more weakly dependent on the
magnetic state than the Fermi contact term.

The Fermi contact term,

a=
2P
3

ρs(R) , (2)

finds its origin in the finite electron spin density ρs(r) =
ρ↑(r)− ρ↓(r) at the position of the nucleus R. This is usually
the dominant contribution. The prefactor P= µ0geµBgNµN,
with µ0 the vacuum permeability, the electron and nuclear
g-factors, ge and gN, and the Bohr and nuclear magnetons,
µB and µN. The calculated hyperfine interactions are given in
frequency units (e.g. MHz) using Planck’s constant per nuc-
lear g-factor to facilitate comparison with future experimental
data.

2.2. Computational details

Our investigations are based on DFT as implemented in
the Quantum Espresso code [56, 57], with scalar-relativistic
pseudopotentials from the PSLibrary [58] using the projector
augmented wave method [59].

We utilize as an exchange and correlation functional the
generalized gradient approximation of Perdew, Burke and
Ernzerhof (PBE) [60]. The hyperfine interactions were eval-
uated with the GIPAWmodule of Quantum Espresso based on
the theory developed by Pickard and Mauri [61]. For all cal-
culations, the kinetic energy cutoff for the wavefunctions and
for the charge density were set to 90 and 720 Ry, respectively.
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Figure 1. Fe adatoms on a bilayer of MgO. (a) Geometry of Fe adatoms on a bilayer of MgO. The second MgO layer is not shown. The Fe
adatom is stacked on top of O, on the bridge position and on top of Mg, respectively. Fe is represented by a blue sphere, O by a red sphere
and Mg by an orange sphere. (b) Fermi contact contribution to the hyperfine interaction for the considered positions and (c) Fermi contact
contribution as a function of the contribution to the spin magnetic moment coming from the s electrons (S-spin moment). These results are
recapitulated from our previous study [50].

The Brillouin zone integrations were performed with a Gaus-
sian smearing of width 0.01 Ry.

We performed two types of simulations: the Fe dimers can
be either free-standing or deposited on MgO. For the case
of free-standing dimers, we employed cubic periodic cells
with a lattice constant of 20 Å, in order to minimize inter-
actions between periodic replicas of the dimers, and Γ-point
sampling of the Brillouin zone. The noncollinear magnet-
ism of these dimers was studied by the constrained DFT
approach explained in [62], using (PBE) scalar-relativistic
ultrasoft pseudopotentials [63] also from the PSLibrary and
a fixed bond length of 2 Å. In order to ensure that the differ-
ent noncollinear states were comparable, for each fixed mag-
netic configuration we performed a sequence of self-consistent
constrained calculations ramping up the penalty parameter
with the values λ ∈ {0.1,0.2,0.5,2,5,10,20,25,30} (Ry). We
remark that GIPAW does not currently support non-collinear
calculations, so we used the projwfc.x code to obtain atom-
and orbital-resolved spin magnetic moments for further ana-
lysis and connection to the hyperfine interactions.

To accommodate the Fe adatoms and Fe dimers on MgO,
we used the theoretical lattice constants of bilayer of MgO, as
obtained from our previouswork 4.1466Å [50].We then set up
3× 3 supercells such that the Fe adatom is deposited on top of
the oxygen, the bridge or the magnesium positions, as shown

in (figure 1(a)). For Fe dimers on bilayer of MgO, we set the
Fe adatoms on different structures as shown in figure 2. The
supercells contained 73 and 74 atoms in total for the case of Fe
adatoms and Fe dimers on bilayer of MgO, respectively, and a
vacuum thickness equivalent to nine layers of MgO. We adop-
ted a 4× 4× 1 k-mesh in both cases (Fe adatom and Fe dimer
on bilayer ofMgO). The cell dimensions were kept fixed while
all atomic positions were allowed to fully relax. The impact of
the Hubbard-U interaction on the hyperfine parameters was
investigated with the simplified rotationally-invariant scheme
proposed by Dudarev et al [64] according to the methodology
of Cococcioni and de Gironcoli [65].

3. Results

3.1. Free-standing Fe dimers

In order to set the stage for our study of the Fe dimers deposited
on a MgO bilayer, we first explore the case of free-standing
dimers so that the substrate and its influence is excluded. We
investigate the dependence of the Fermi contact term as func-
tion of the distance between the adatoms and of their magnetic
state being ferromagnetic or antiferromagnetic.

Our calculations indicate that free-standing dimers prefer
to be ferromagnetic for all investigated Fe-Fe distances (up to

3
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Figure 2. Atomic structures for Fe dimers on a bilayer of MgO. The first row represents the Fe dimers in the ferromagnetic state and the
second row those in the antiferromagnetic state. Fe atoms are represented by blue spheres, O by red spheres and Mg by orange spheres. The
final diagram on the right defines the Fe-Fe distance, represented by the horizontal double arrow, and either the Fe-O or the Fe-Mg distance,
whichever is nearest to the corresponding Fe atom, represented by the vertical double arrow. The green numbers on top of each structure in
the first row give the Fe-Fe distance in the ferromagnetic state and the red ones in the second row in the antiferromagnetic state, in Å.

Figure 3. Basic properties of free-standing Fe dimers. (a) Total energy difference with respect to 2 Å of Fe-Fe distance in the ferromagnetic
state, which is the most stable distance, (b) Fermi contact contribution to the hyperfine interaction, (c) atomic spin moment with the inset
displaying the S-spin moment as function of atomic distances, and (d) Fermi contact contribution as a function of S-spin moment.

7 Å) as shown in figure 3(a). The equilibrium distance of the
ferromagnetic (antiferromagnetic) dimer is 2.0 Å (2.3 Å) in
agreement with previous theoretical work, e.g. [62].

Interestingly, the dependence of the Fermi contact contri-
bution to the hyperfine field displays a rich behavior as a func-
tion of the Fe-Fe distance, as seen in figure 3(b). For short
distances (≲2.3 Å), the antiferromagnetic alignment of the

spin moments induced a hyperfine field that is larger than the
one obtained for a ferromagnetic state, and this behavior is
reversed for larger distances. For distances ranging from 2.3 Å
till 2.7 Å defines a plateau region for the Fermi contact term
of the antiferromagnetic dimers before a sharp drop leading to
a minimum, 1410 MHz, found at a distance 2.8 Å. In strong
contrast and within the same range of Fe-Fe distances, the
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ferromagnetic dimer reaches the maximum value of the Fermi
contact term 3280 MHz obtained at 3.3 Å, which the distance
dependence being rather smooth. At distances larger than 6 Å
the hyperfine field becomes independent of the magnetic state
and approaches the value known for a single free-standing Fe
atom [50].

The distance-dependent behavior of the atomic spin
moments for both magnetic states (figure 3(c)) is rather dif-
ferent from that of the Fermi contact term. The atomic spin
moment increases monotonically with the distance and for a
given distance is always larger for the ferromagnetic dimer.
Its value saturates for the ferromagnetic dimer at a distance of
2.5 Å while for the antiferromagnetic one this only happens
after 4.3 Å. While the magnitude of the atomic spin moment
is mostly contributed by the d electrons, it is well known that
the Fermi contact term is given by the spin density at the nuc-
lear position (see equation (2)). The latter correlates well with
the contribution of the s electrons to the atomic spin moment,
denoted S-spin moment, as shown in figure 3(d) and inset of
figure 3(c). The average trend is of proportionality between
the two quantities, although the data does not fall on a single
straight line and instead traces out two slightly curved lines.
Both the S-spin moment and the Fermi contact term attain
their largest values for the ferromagnetic dimers, but when the
S-spin moment falls below ≲0.3 µB the Fermi contact term
becomes larger for the antiferromagnetic dimer than for the
ferromagnetic one.

The non-trivial dependence of the hyperfine field on the
magnetic state of the dimer, the distance between the atoms
or the magnitude of the S-spin moment is a consequence of its
sensitivity to changes in the electronic structure. These can be
identified in figures 3(b) and (d) by discontinuities or kinks, as
highlighted by the labeled ovals. In the large separation limit,
the proportionality between the Fermi contact term and the
S-spin moment is independent of the magnetic state, as seen
in the oval labeled D in figure 3(d), while the bonding is dif-
ferent for different magnetic states, which leads to a different
localization of the s electrons and to the differences seen for a
fixed separation between the Fe atoms in figure 3(d).

The behavior for intermediate distances evolves in oppos-
ite ways for the ferromagnetic and antiferromagnetic states,
see ovals labeled B and C in figure 3(d), while connecting
to the large distance data. This is explained by the increase
(decrease) of the S-spin moment with decreasing separa-
tion for the ferromagnetic (antiferromagnetic) dimer. In the
ferromagnetic case, the atomic spin moment is constant in
region C (compare with figure 3(c)), so the increase in the
S-spin moment with decreasing separation is compensated
by a reduction in the spin moment of the d electrons. In the
antiferromagnetic case, the atomic spin moment decreases in
region B (compare with figure 3(c)) by more than the decrease
in the S-spin moment with decreasing separation, which also
signals a reduction in the spin moment of the d electrons. The
decrease in the separation between the Fe atoms leads to an
increased delocalization of the d electrons, which weakens
the local intra-atomic exchange interaction among them and
so their spin polarization. At any distance, the s electrons are

much more delocalized than the d electrons and so experience
the combined influence of the d spinmoment of both Fe atoms.
With decreasing separation, the ferromagnetic alignment leads
to a stronger net exchange field and so to the observed
increase in the S-spin moment, while the antiferromagnetic
alignment leads to a partial cancellation of the net exchange
field and so the the reduction in the value of the S-spin
moment.

The most striking changes happen at short separations. In
the antiferromagnetic state, the Fermi contact term jumps to
a much larger value than at intermediate separations, see oval
labeled A in figure 3(b), which clearly follows from the asso-
ciated jump in the magnitude of the S-spin moment, as shown
in figure 3(d), from≲0.1 µB to≳0.3 µB, see oval labeled A in
figure 3(d). There is also an accompanying but smaller jump
in the atomic spin moment (at 2.7 Å in figure 3(c)), but over-
all the polarization of the d electrons is still decreasing with
decreasing distance. At the same time, the magnitude of the
Fermi contact term shows a plateau behavior with respect to
the value of the S-spin moment (or separation between the
Fe atoms). The magnitude of the S-spin moment is actually
increasing with decreasing separation, so the plateau implies
that the spin polarization at the nuclear position remains essen-
tially constant. In the ferromagnetic state, the S-spin moment
follows the steep reduction of the atomic spin moment with
decreasing, with the same behavior thus seen on the mag-
nitude of the Fermi contact term. However, an inspection of
the data in figure 3(d) (points not encircled by a green oval)
shows that the proportionality between the Fermi contact term
and the S-spin moment is different at short separations than at
large separations, with a smaller slope. This is explained by a
decreased spatial localization of the s-electrons at the nuclear
position for shorter separations, as they become more concen-
trated in the bonding region between the Fe atoms.

The strong impact of the magnetic state provides a route for
engineering the magnitude of the hyperfine interaction while
at the same time raising concerns on whether the hyperfine
Hamiltonian of equation (1) is appropriate (for instance in
combination with Heisenberg exchange interactions) to model
and interpret experimental findings. One can use multiple scat-
tering theory as a general framework to derive how the s-spin
density at the nuclear position of atom i is expected to depend
on the orientations of nearbymagneticmoments, see appendix
A. If one neglects spin anisotropies, we anticipate that the
lowest order dependence should be proportional to the dot
products of the spin moments located at sites i and j, Si ·Sj,
similar to the Heisenberg exchange interaction. Our proposed
extended Hamiltonian reads:

Ĥ=
∑
i

Si ·
(
A(0)
i +

∑
j

A(1)
ij Si ·Sj+ . . .

)
· Ii+

∑
ij

JijSi ·Sj,

(3)

where A(0)
i is the part of the hyperfine interaction tensor which

is independent of the magnetic state of the other atoms and
A(1)
ij is the proposed lowest order correction, and we include

the standard Heisenberg exchange interaction Jij.
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Figure 4. Noncollinear magnetism of free-standing Fe dimers. (a) Schematic of the considered magnetic configurations. (b) Total energy,
(c) atomic spin magnetic moment and (d) S-spin magnetic moment as a function of the angle (θ) between the directions of the spins of the
Fe dimer.

We can investigate the validity of the proposed Hamilto-
nian by employing the S-spin moment as a proxy for the beha-
vior of the hyperfine interaction, as already demonstrated. We
consider a free-standing Fe dimer at a fixed bond length of
2.0 Å and utilize constrained DFT to fix the spin direction of
Fe1 and rotate the one of Fe2 (see figure 4(a)), which defines
the angle θ between the two spin directions. The total energy
has an essentially cosθ dependence (figure 4(b)), which is the
expected behavior according to the Heisenberg model.

That things are not so simple is demonstrated by the angu-
lar dependence of the atomic spin moment (figure 4(c)) and
S-spin moment (figure 4(d)), with their magnitudes chan-
ging in a cosine-like manner until about 120◦ and then
evolving in a more complex way near the antiferromagnetic
alignment. This is likely due to a crossing of electronic
energy levels as a function of the angle with changes in the
highest occupied molecular orbital which leads to a more
involved angular dependence of these key quantities. Nev-
ertheless, the cosine-like angular dependence holds well in
two separate angular ranges, from the ferromagnetic align-
ment up to 120◦ and from there until the antiferromagnetic

alignment, although with different coefficients. This makes
the proposed extended hyperfine Hamiltonian equation (3)
useful for finite-temperature or non-equilibrium simulations
of the ferromagnetic dimer, for instance in a pump-probe
scenario.

3.2. Recap: hyperfine interaction of a single Fe adatom on
bilayer of MgO

Let us first recapitulate the properties of a single Fe
adatom [50] before turning to the Fe dimers deposited on a
bilayer of MgO. Naturally, if the atoms of the dimer are suf-
ficiently far apart one recovers the properties of the isolated
adatom. Since they can be readily realized by atomic manip-
ulation with STM [21, 22, 42], we explored three structural
scenarios: the Fe atom can sit on top of oxygen, magnesium
or in the bridge position, as depicted in figure 1(a). The Fe
on top of oxygen is the energetically most favorable position
but it creates the weakest hyperfine field (figure 1(b)), fol-
lowed by the bridge position before reaching amaximumwhen
adsorbed on top of magnesium. These are in good agreement

6
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Figure 5. Relaxed structural properties of Fe dimers on the MgO bilayer. (a) Total energy difference with respect to structure 1 in the
ferromagnetic state, which is the most stable one, with the inset displaying total energy difference with respect to structure 2 in the
antiferromagnetic state, which is the most stable one for Hubbard U= 4 eV. (b) Fe-Fe distance, (c) distance between Fe1 and either O or
Mg, whichever is nearest, and (d) likewise for Fe2.

with the trends of the S-spin magnetic moment shown in
figure 1(c). The origin of the unveiled trend lies in the local
bonding geometry and is closely related to the bond length
between the adatom and the nearest substrate atom, indicating
qualitatively the strength of hybridization of their respective
electronic states. Larger bond lengths lead to reduced hybrid-
ization, which in turn favors the localization of the spin dens-
ity at the nucleus and so a larger hyperfine field. For instance,
this bond length is the shortest atop oxygen (1.9 Å), then it
increases in the bridge position (2.4 Å) before reaching its
maximum value atop magnesium (2.9 Å).

3.3. Hyperfine interaction of Fe dimers on a bilayer of MgO

Here we address the last main topic of our investigation,
namely dimers placed on MgO bilayer considering differ-
ent location of the Fe atoms and inter-adatom distances and
assuming both the ferromagnetic and antiferromagnetic states.

After structural relaxation, we classified the results into seven
structures which strongly depend on the magnetic alignment
of the spins, as shown in figure 2.

As shown in figure 5(a) and similarly to the free-standing
case, the Fe dimers prefer to be in a ferromagnetic state, with
structure 1 (see figure 2) being the most stable. We find that
switching the atomic spin alignment from parallel to antiparal-
lel increases the Fe-Fe distance, as illustrated in figure 5(b), the
exception being structure 6. In structures 1–5 the Fe adatoms
are close to each other with a separation only slightly larger
than that found for the free-standing dimers in the respective
magnetic states, while in structures 6 and 7 they are much
farther apart. The distances between each Fe atom and the
nearest substrate atom are given in figures 5(c) and (d). Short
distances indicate that oxygen is underneath while long dis-
tances signal magnesium, with the values close to but in most
cases substantially larger that those found for an isolated Fe
adatom.

7



J. Phys.: Condens. Matter 34 (2022) 385802 S Shehada et al

Figure 6. Effect of the Hubbard U on the hyperfine fields of Fe dimers on the MgO bilayer, for U= 0 (a), (b) and for U= 4 eV (c), (d). The
Fermi contact contribution to the hyperfine interaction for the different structures and magnetic states is given in (a), (c). The horizontal
dashed lines in (a), (c) indicate the values found for the free-standing dimer at their equilibrium bond length in the ferromagnetic (F) and
antiferromagnetic (AF) states. The Fermi contact contribution as a function of the S-Spin magnetic moment is shown in (b), (d). The
number inside the circles identifies the Fe dimer structures.

The variation of the hyperfine interaction across the dif-
ferent dimer structures in both considered magnetic states is
plotted in figure 6(a). Given the previous discussion, it makes
sense to compare structures 1–5 to the results for the free-
standing dimers and structures 6 and 7 to the results for the
isolated adatoms on MgO. Starting with the latter two struc-
tures, we do find that the obtained values of the Fermi con-
tact term are very similar to the adatom values and have little
dependence on the magnetic state of the dimer, confirming the
weak coupling between the Fe atoms (see also figure 5(a)).

In contrast, structures 1–5 show a strong coupling between
the two Fe atoms combined with a strong influence of the
MgO bilayer on the hyperfine interactions. Overall the val-
ues of the Fermi contact term are substantially reduced from
those obtained for the free-standing dimers in the respective
magnetic states and at their equilibrium bond lengths. This is
a consequence of the dimer bonding with the MgO bilayer,
which leads to an increased delocalization of the s electrons

and so to a reduction of the value of the Fermi contact term. In
structures 1, 3, and 5, changing the dimer from ferromagnetic
to antiferromagnetic leads to an almost doubling in the mag-
nitude of the Fermi contact term, while for structures 2 and 4
the change in the magnetic state has a much weaker impact on
the hyperfine interaction. This cannot be simply rationalized
in terms of strong vs. weak magnetic coupling between the
Fe atoms in the dimer, as figure 5(a) shows that for all these
structures there is a large total energy difference between the
two magnetic states. Instead, it reveals in which structures the
s electron orbitals change strongly or weakly in response to a
change in the magnetic state of the dimer.

Figure 6(b) shows that the proportionality between the
Fermi contact values and the S-spin magnetic moment is fairly
independent of the structure and magnetic state of the Fe
dimer. In contrast to the results for the free-standing dimers,
on MgO the data follows a single linear relation between the
two quantities, which is even more apparent if structures 6 and
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7 are ignored (as they are closer to the isolated adatom beha-
vior). This can be interpreted as a stabilization of the electronic
structure against magnetic or structural changes, in particular
of the s-states, due to the bonding between the Fe atoms and
the substrate. We thus see that the S-spin magnetic moment is
an excellent proxy for the hyperfine field of the Fe dimers on
MgO, and so our findings concerning the noncollinear mag-
netic states of the free-standing dimers should also apply in
this situation.

The strongly-localized magnetic d-orbitals of Fe are
affected by self-interaction errors in the standard exchange-
correlation functionals, so we consider the impact of an
additional correction such as a Hubbard-U. In our previous
work [50], we dealt with single Fe adatoms on a bilayer of
MgO. We checked carefully the dependence of U and we con-
cluded that the Hubbard-U correction has a small influence on
the computed hyperfine parameters. In addition to that, our res-
ults agreed well with the experimental measurements [42] of
the Fermi contact parameter without including the Hubbard-U
correction.

We now revisit this issue for the Fe dimers on the
bilayer of MgO. We repeated all the calculations by includ-
ing U ∈ {0,1,2,3,4,5} eV for all the structures, but keeping
the geometries found at U= 0. We found that the ground state
changes from ferromagnetic to antiferromagnetic in structures
1–5 for U⩾ 2 eV (figure 5(a), inset). The Hubbard-U correc-
tion still has a small influence on the hyperfine parameters of
Fe dimers on the bilayer of MgO in structures 1, 2, 4, 6 and
7, although the relative change is somewhat larger than found
for the single Fe adatoms. As concrete examples, we present
results for structures 1 and 2 in figure 7. While the antiferro-
magnetic state becomes the ground state once U⩾ 2 eV, the
Fermi contact parameter has the same qualitative behavior as
for U= 0, being much larger in the AFM than in the FM case.
We found a similar behavior in structure 4 (not shown). The
exception is the Fe atom atop Mg in structure 2, which shows
a much stronger dependence on U.

In order to illustrate the trends, we decided to include in
figures 6(c) and (d) the results with U= 4 eV, which is a value
close to what was used in a previous study [13]. We see that
there is only a qualitative change in the results for structures
3 and 5, for which the Fermi contact parameter is now larger
in the ferromagnetic state than in the antiferromagnetic one,
and also for the Fe atom atop Mg in structure 2. This is due
to transitions from high- to low-spin states when we switch
the magnetic state from ferromagnetic to antiferromagnetic.
Figures 6(a) and (d), shows that the proportionality between
the Fermi contact values and the S-spin magnetic moment is
very similar, independently of U. In general, the qualitative
behavior is the same for the most structures, with some vari-
ation in the quantitative behavior when we include Hubbard-U
corrections.

4. Conclusion

We presented the results of ab initio calculations on the main
contribution to the hyperfine interaction, namely the Fermi

contact, of free standing Fe dimers, isolated Fe adatoms and
Fe dimers deposited on a bilayer of MgO. We explored in par-
ticular their structural, electronic and magnetic properties and
scrutinized the impact of the inter-adatom distance as well as
the magnetic state on the hyperfine interaction, whose physics
is mainly dictated by the polarization of the s electrons at the
nucleus position.

We revealed the non-trivial influence of the magnetic align-
ment of the moments, being parallel or antiparallel, on the
magnitude of the Fermi contact term. At short inter-adatom
distances, the antiferromagnetic state enhances the hyperfine
interaction with respect to that of the ferromagnetic state while
the opposite behavior is found for large distances. Considering
the preceding studies on transition metal complexes [55, 66]
and the variation of our computed parameters when consid-
ering a Hubbard-U correction, we found that the qualitative
behavior is the same for the most structures, with some vari-
ation in the quantitative behavior. This opens on the one hand
the possibility of controlling the magnitude of the Fermi con-
tact term by switching the magnetic state of the nanostructure.
This could potentially be achieved via for example: (i) atomic
manipulation utilizing atomic decoration, by engineering the
environment of the adatoms, (ii) inelastic scanning tunnel-
ing spectroscopy or (iii) an external magnetic field. On the
other hand, our findings question the use of the hyperfine
Hamiltonian, equation (1), usually amendedwith conventional
Heisenberg exchange interaction to describe the interplay of
magnetic coupling and hyperfine interaction, which is not any-
more a constant, in multi-atomic structures. To address the
latter aspect, we proposed an extended hyperfine-Heinseberg
Hamiltonian, equation (3), where the hyperfine interaction is
proportional to the dot product of the spin moments, as motiv-
ated frommultiple-scattering theory. Our calculations confirm
that the angular dependence is reasonable for a wide range of
angles around the value obtained for the ferromagnetic state.

Moreover, we evidenced the ability to substantially modify
the Fermi contact term by atomic control through the control
of the location of the adatoms on the substrate. The nature of
the nearest neighboring surface atoms impact on the adatom-
substrate distance, which affects the localization of the spin-
polarized s electrons and therefore the hyperfine interaction.
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Appendix A. Induced magnetization from
multiple-scattering expansion

We invoke a multiple scattering formalism based on Green
functions describing the propagation of the electron states
from atom i to atom j. The theory is similar to the one utilized
to explain the spin-mixing magnetoresistance in [68–71] or
higher-order magnetic interactions in [72–75]. The spin dens-
ity of atom i is obtained from the Green function as

mspin
i (r) =− 1

π
Im
ˆ
dE f(E)TrspinσGii(r,r;E). (A.1)

Here r is the electronic position measured with respect to
the nuclear position of atom i, f (E) is the Fermi–Dirac dis-
tribution, σ = (σx,σy,σz) is the vector of Pauli matrices, and
Gii(r,r;E) is the position-diagonal part of the electronic Green
function at energy E. The total spin moment is obtained by
integrating the spin density in a suitably-defined region around
atom i,

mi =

ˆ
Ωi

dr mspin
i (r), Si =

mi

|mi|
, (A.2)

from which we can also define its orientation Si.
The Fermi contact and the dipolar contributions to the

hyperfine interaction are defined in terms of the spin density in
the vicinity of the nucleus, and we now seek to establish how
this quantity is modified by changes in the magnetic state of
nearby atoms. The Kohn–Sham hamiltonian can be written as

H=H0 +
∑
i

Bxc
i (r)Si ·σ =H0 +Hmag, (A.3)

where H0 collects contributions which do not depend on the
spin orientations, and the exchange-correlation magnetic field
Bxc
i (r) for atom i is assumed to point along the orientation of

the respective total spin moment Si. Here the spin-orbit inter-
action is neglected for simplicity.

As shown in e.g. [72], we can make use of the Dyson
equation to also separate the Green function as

G= G0 +G0 HmagG0 +G0 HmagG0 HmagG0 + . . . (A.4)

with the reference Green functionG0 =
(
E−H0

)−1
. Keeping

only the first magnetic term and using the definition for the
spin density, equation (A.1), we find

mspin
i (r) =− 1

π
Im
ˆ
dE f(E)

∑
j

ˆ
dr ′ G0

ij(r,r
′;E)Bxc

j (r
′)

×SjG0
ji(r

′,r;E)+ . . . (A.5)

Projecting on the orientation of the spin moment of atom
i and integrating out the spatial dependence in combination
with the projectorPi(r) defining the hyperfine interaction (this
could be to extract the Fermi contact or the dipolar contribu-
tions) we find

ˆ
dr Pi(r)m

spin
i (r) ·Si = Ai+

∑
j̸=i

AijSi ·Sj . (A.6)

Although this result was obtained using only the lowest-order
contribution, taking higher-order terms into account will only
modify the definitions of the coefficients but not the depend-
ence on the relative orientations of the spin moments.
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Appendix B. Effect of the Hubbard U on the properties of Fe dimers on a bilayer of MgO

Figure 7. Effect of the Hubbard U on the hyperfine fields of Fe dimers on the bilayer of MgO in structure 1 (a), (b) and structure
2 (c), (d) in the ferromagnetic (F) and antiferromagnetic (AF) states. (a), (c) Total energy difference with respect to U= 0 eV in the
ferromagnetic state. (b), (d) Fermi contact contribution to the hyperfine interaction. Fe1 and Fe2 in structure 1 they are equivalent.
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