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Abstract

Scanning probe microscopy and spectroscopy,
and more recently in combination with electron
spin resonance, have allowed the direct obser-
vation of electron dynamics on the single-atom
limit. The interpretation of data is strongly de-
pending on model Hamiltonians. However, fit-
ting effective spin Hamiltonians to experimen-
tal data lacks the ability to explore a vast num-
ber of potential systems of interest. By using
plane-wave density functional theory (DFT) as
starting point, we build a multiplet Hamilto-
nian making use of maximally-localized Wan-
nier functions. The Hamiltonian contains spin-
orbit and electron-electron interactions needed
to obtain the relevant spin dynamics. The re-
sulting reduced Hamiltonian is solved by exact
diagonalization. We compare three prototypi-
cal cases of 3d transition metals Mn (total spin
S = 5/2), Fe (S = 2) and Co (S = 3/2) on MgO
with experimental data and find that our cal-
culations can accurately predict the spin orien-
tation and anisotropy of the magnetic adatom.
Our method does not rely on experimental in-
put and permits us to explore and predict the
fundamental magnetic properties of adatoms on
surfaces.

Introduction

The quantum spin states of magnetic impu-
rities on surfaces are candidates for magnetic
data storage and quantum bits (qubits).1–3 The
properties of such a magnetic state are largely
determined by the magnetic anisotropy energy
(MAE), which is typically of the order of a
1 meV/atom for transition metal (TM) bulk
structures and thin films, but can reach up to
several tens of meV/atom in the case of isolated
TM-adatoms on thin decoupling layers.2,4–7

Predicting the MAE of magnetic adatoms
on surfaces ab-initio is a difficult task as cal-
culations based on density functional theory
(DFT) systematically underestimate the mag-
nitude and sometimes even fails to predict
the preferred orientation of the magnetic mo-
ment.8,9 This has been addressed by applying
a (often empirical) Hubbard U correction,10,11

or adding a term accounting for orbital polar-
ization.12 A frequently used option is to fit an
effective spin Hamiltonian to experimental data
and extract anisotropy parameters. This situ-
ation is unsatisfying and a method is required
that allows one to systematically search for sys-
tems of large MAE (and thus potentially long
T1 lifetimes) without relying on experimental
observations.

An interesting alternative approach is multi-
plet ligand-field theory (MLFT) using Wannier
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orbitals,13 where the many body nature of the
problem is described in a local basis set, which
spans the low energy band structure of the sys-
tem. This method is entirely compatible with
the ab-initio concept. There are several related
proposals on how to construct the local basis.
For example, Haverkort et al.13 used a linear
combination of Wannier orbitals centred on the
TM and the neighbouring atoms to described
the crystal and ligand field, whereas Ferrón
et al. employed a basis of maximally local-
ized Wannier functions (MLWFs).14,15 While
the former may be more efficient in reducing
the Hilbert space of the MLFT calculations,
especially when the environment is not very
ionic, the use of MLWFs better complies with
the assumptions of atomic orbitals made in the
derivation of the multiplet.

Here we present a method that takes advan-
tage of the strong points of both methods. On
one hand, we use MLWFs to describe the one-
electron structure of the TM orbitals in their
environment. On the other hand, we use a lin-
ear combination of MLWFs that efficiently re-
produce the low-energy density functional band
structure of the supporting substrate in the en-
ergy window of interest. Our method is able to
accurately calculate the preferred orientation
of the magnetization axis, the spin-excitation
energy (comparable to inelastic electron tun-
neling spectroscopy, IETS),16 the magnitude
of the MAE and spin and orbital contribu-
tion to the latter conserving the predictive
character of ab-initio methods. Further the
proposed method allows us to study the indi-
vidual contribution of crystal and ligand field
(CF), spin-orbit coupling (SOC) and Zeeman
splittings by an external magnetic field. We
compare our calculations with the two exper-
imentally well-studied TM ions, Fe and Co,
and make predictions for the case of Mn, where
spin-transitions on MgO have so far not been
observed.

Method

The goal is to describe a magnetic surface sys-
tem as typically explored in scanning tunneling
microscopy (STM) experiments where a mag-
netic impurity is absorbed on an insulating sur-
face. The method should (i) not rely on any
experimental input and (ii) accurately describe
the electron correlation on the localized states
of interest (here the 3d manifold of a TM). To
capture the physics of a magnetic system we
propose the following Hamiltonian:

H = λCouHCoul + λCFHCF + λSOHSO +HZeem.
(1)

The terms in eq 1 are: electron-electron inter-
action (Coul), crystal and ligand fields (CF),
spin-orbit coupling (SO) and Zeeman splitting
due to an external field (Zeem). The dimen-
sionless λ-parameters allow us to control the
relative strength of each contribution by vary-
ing them from [0,1], where λx = 1 corresponds
to the real physical system.

The above Hamiltonian is solved by exact di-
agonalization in a reduced many-body Hilbert
subspace. An important feature of the present
method is that calculations can be strongly
simplified if the TM orbitals are atomic-like,
especially for the Coulomb and SOC terms.
The orthogonality of the MLWFs together with
their similarity to atomic-orbitals, associated
with their small spread, makes them a good
choice as a basis set.

DFT calculations and local Wan-
nier basis

The starting point of our method is a DFT cal-
culation using a plane-wave basis set and pseu-
dopotentials. The Bloch states |ψnk〉 are gener-
alized Fourier-transformed into real space Wan-
nier functions (WFs) by

|Rn〉 =
V

(2π)3

∫
BZ

dke−ik·R
∑
m

U (k)
mn|ψmk〉, (2)

where R is a real-space lattice vector, BZ de-
notes the first Brillioun zone, V is the real-
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space volume of the unit cell and n, k are band
index and wave vector, respectively. The uni-
tary transformation U

(k)
mn is used to maximize

the localization of the Wannier function.17 This
calculation is carried out in Wannier90 which
implements MLWFs.18,19

The resulting Wannier basis qualitatively satis-
fies the aforementioned conditions and has di-
mensions of the order NW =100. Since eq (1)
will be solved by exact diagonalization, a re-
duction of the single-particle basis is required.
We achieve this by using linear combination of
Wannier orbitals (LCWO) of the substrate, as
described in detail below. This step leads to a
significant improvement over the Wannier func-
tion basis used previously.15 In addition, it pre-
serves the atomic-like character of the TM or-
bitals (for a visual representation of the Wan-
nier orbitals, see Figure 2).

Reduced Wannier Hamiltonian

After ensuring that our supercell employed in
DFT is large enough we retain only the R = 0
part of the Wannier Hamiltonian and neglect
the hybridization with neighboring supercells.
The resulting-single particle Hamiltonian has
dimension NW × NW and can be arranged in
the form

HW =

[
Hsd Vsd,α

Vα,sd Hα

]
, (3)

where Hsd (Hα) corresponds to the Hamilto-
nian of the TM (surface states) and Vsd,α is a
hopping matrix. Hsd is spanned by the bases
of s and d-like MLWFs, and has dimension
Nsd = 6. The dimension Nα of Hα, and there-
fore NW , depends on the particular substrate.

The ultimate objective of the reduction is
then to find an effective Hamiltonian H′W of
dimension N ′W � NW whose eigenvalues and
eigenvectors with large contribution of the TM
orbitals are well reproduced. This implies to
include the effect of the left-out states, which
will be done using the perturbative Feshbach-
Schur method.20 Our strategy to reduce the di-
mensions of the problem is to diagonalize eq 3
and choose a subset of eigenstates with a large

weight on the original MLWFs of Hsd. In order
to further take into account the environment
in the many-body configurations, we add states
from the subspace of Hα. To do this, we first di-
agonalize Hα, which leads to LCWO, and then
choose the states of Hα that have a large weight
on the TM MLWFs. This becomes a second re-
duction that yields, in addition to the 6 MLWFs
of the TM, a small set of N ′W − 6 LCWO.

Perturbative approach to the reduced
crystal field Hamiltonian

Let us introduce the eigenvalues and eigenvec-
tors of the Wannier Hamiltonian, HW |M〉 =
εM |M〉. The first Nsd coefficients of the |M〉
vector give the weight of the vector in the TM-
orbital subspace. In this way, we can choose
the |M〉 vectors that have a large component
on each Wannier, w, that has a d-character:

Wd(M) =
∑
w

|〈M |w〉|2 . (4)

In order to find the reduced subspace of dimen-
sion N ′W , we need to include states from the
environment corresponding to Hamiltonian Hα.
The strategy is to take the states of the sub-
space of Hα that have a large weight on the
above {|M〉} states with large TM component.
These are the |M〉 states with Wd(M) larger
than a certain threshold ∆d.

For the description of the environment elec-
tronic structure, we use LCWOs, |β〉, obtained
by diagonalizing Hα. Then, we will truncate
the subspace given by Hα by only using the
|β〉 with a weight on |M〉 larger than a certain
threshold, ∆W .

Hence, we can split the total Hilbert space
in two: those states with a relevant d-orbital
contribution, spanning a subspace of dimension
N ′W ≡ N(∆d,∆W ), and the rest. The situ-
ation is then ideal to apply the perturbative
Feshbach-Schur method.20 This leads to the sig-
nificantly reduced single-particle Hamiltonian,
H′W , of dimension N ′W , that, in analogy to eq 3,
can be expressed as:

H′W =

[
Hsd V′sd,α
V′α,sd H′α

]
. (5)
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Multiplet Model

The previous section has determined the re-
duced one-body Hamiltonian, H′W , to be used
in our multiplet calculations. In the present
section we address the many-body aspects of
a multiplet calculation. The first point we ad-
dress is the set up of electronic configurations
leading to the crystal field. The second point is
the correlation aspects induced by the Coulomb
interaction.

The many-body basis set is built by consider-
ing Ne electrons in N ′W orbitals. The basis set is
algorithmically built by considering all possible
Slater determinants in order to ensure a com-
plete many-body basis set in the reduced space
of the multiplet. The Hamiltonian including
the one-electron crystal- and ligand-field contri-
butions, the spin-orbit and Zeeman interactions
and the many-body electron-electron Coulomb
repulsion is expressed as a matrix in this Slater-
determinant basis set.

The crystal and ligand field contribution in
ionic environments is frequently described in
terms of point charges.21 Although this ap-
proach does not provide a general good quanti-
tative description, it is often used as a fitting
procedure to electron spin resonance spectra
(ESR),22 and we have successfully used it to
model the STM-ESR on a single Fe atom on
MgO.23 Here, we take an alternative approach
that goes beyond the point-charge description
by including covalent bonding. Building on the
above DFT-based calculations, we assume that
the environment-related terms take the form

HCF = HTM +Hneigh +Hhopp (6)

where HTM is the crystal field acting only on
the electrons on the TM orbitals,

HTM =
∑
w,w′

〈w|Hsd|w′〉
∑
σ

d†wσdw′σ + ∆s,dN̂s.

(7)
Here, Hsd is the Hamiltonian obtained in the
previous section. The operators d†wσ and dwσ
denote the creation and annihilation of an elec-
tron with spin σ in the MLWF w of the TM
with d-character. The second term, with N̂s =∑

σ d
†
s,σds,σ, acts only on the MLWF with s-

character of the TM. This second term con-
trols the relative occupation between the s and
d-shells. This term allows us to account for
the different spatial extension of the s and
d-like MLWFs as well as to correct for the
double-counting included in the exchange-and-
correlation potential of the DFT calculations.24

The ligand field contribution Hneigh + Hhopp

contains both, an onsite surface contribution,
given by Hneigh =

∑
j〈j|H′α|j〉

∑
σ p
†
jσpjσ, with

p†jσ (pjσ) the creation (annihilation) operator of
an electron with spin σ in the j LCWO of the
surface, and the hopping between the surface
orbitals and the adatom states, Hhopp, given by

Hhopp =
∑
w,k,σ

〈w|V′sd,α|k〉d†wσpkσ + h.c. (8)

where V′sd,α is the operator that couples the
Wannier of the TM subspace with the LCWO
of the reduced space given by H′α.

We further approximate the space of config-
urations to only include configurations with a
total number of active electrons on the surface,∑

j,σ〈p
†
jσpjσ〉, that are either 0 or 1. In other

words, only electronic configurations (sd)NeP 0

and (sd)Ne−1P 1 are considered (here P denotes
the surface orbitals).

To evaluate the Coulomb electron-electron,
spin-orbit and Zeeman matrix elements in the
many-body basis set, we use hydrogenic atomic-
like orbitals that agree with the MLWFs gen-
erators.14,15 Since the surface orbitals are ex-
tended states associated to either the valence
or the conduction bands of the substrate, the
corresponding Coulomb interaction is strongly
reduced and can be safely neglected. There-
fore, electron-electron interaction is accounted
for only in the TM s and d-atomic like or-
bitals, justifying our choice of basis set. Exact
diagonalization of the Hamiltonian matrix in
the many-body basis set ensures that exchange-
and-correlation effects will be treated exactly
within the subspace of interest.

4
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Figure 1: DOS of the 3d states for Mn, Fe and
Co (black lines) superimposed on the total DOS
(grey). Arrows and numbers indicate the ap-
proximate occupation of up/down electrons as
obtained from DFT. Spin-polarization on the
TM adatom induces a small polarization on the
underlying oxygen 2p orbitals (red).

Results

The DFT calculations were performed using
the pseudopotential method and plane-waves
as implemented in Quantum-Espresso.25 Ultra-
soft pseudopotentials from the PSL library26

were used for Fe, Co and MgO and a GBRV
pseudopotenial27 was used for Mn. All pseu-
dopotentials use the PBE parametrization for
the exchange and correlation potential.28 Cut-
offs for the expansion of the plane waves and
charge density were chosen according to the
SSSP pseudopotential verification database.29

The bulk lattice constants for silver and MgO
with PBE are aAg=4.16 Å and aMgO=4.25 Å,
which results in a lattice mismatch of about
2% (experimental value: 2.9%).30 To generate
the slab structure we first used 10 monolayers
(ML) of silver with the lateral lattice constant
fixed to that of the PBE bulk silver and added
up to 10 ML of MgO. The total energy of this
system converges at a Monkhorst Pack grid of
18× 18× 1.31 The system is padded by 10 Å of
vacuum in the z-direction and a dipole correc-
tion32 was applied to decouple the slab from
its periodic images. Grimme-d3 vdW correc-
tion33 was used to get a accurate work function
(4.32 eV),34 and inter-layer distances. Relax-
ing the system until the residual forces were

less than 10−4 a.u.,35,36 resulted in a distance
of dAg-O=2.65 Å between the topmost MgO and
the lowest Ag layers. We found that the first
two layers of MgO led to a significant reduction
of the work function of Ag, which stabilized at
3 ML (see Figure S1 in the supporting infor-
mation), in agreement with previous studies of
this system.37 Subsequently, we chose to use 3
ML of MgO as substrate for our model calcu-
lations and removed the silver. The adatom
is placed on top of an oxygen site in a lat-
eral 3 × 3 × 1 MgO supercell and relaxed with
the lowest layer of MgO frozen. The result-
ing adatom-oxygen distances in Å are: 2.0 for
Mn, 1.9 for Fe and 1.9 for Co. These values are
in reasonable agreement with distances inferred
from STM measurements and independent cal-
culations.38,39 We note that for all adatoms
we attempted to calculate the MAE by non-
collinear total energy DFT calculations includ-
ing SO (details can be found in the supple-
mentary information) and found that they were
severely underestimated compared to the exper-
iment by approximately a factor of 10 (see Ta-
ble 1).

The resulting density of states (DOS) for each
adatom as well as the underlying oxygen is
shown in Figure 1. The DFT results correspond
to the expected occupation of the 3d manifolds
with 5, 6 and 7 electrons for Mn, Fe and Co, re-
spectively. The electron transfer from the TM-
4s state only accounts for 0.2 electrons which
does not allow us to assign a “2+” charge state
to the adatom based on DFT results. This can
be either due to the difficulty of assigning an
“atomic charge” from DFT or due to on-site
hybridization of 4s-3d on the adatom and inter-
site 4s-2p with the underlying oxygen. We find
that this ambiguity is best resolved by includ-
ing the 4s manifold in the Wannier Hamiltonian
and allowing for hopping between the 4s and 3d
manifold whilst enforcing only an average occu-
pation on the adatom.

Wannierization of the TM on MgO

As criterion for localization of the MLWFs we
consider the sum of the off-diagonal terms of
the imaginary part of the Wannier Hamilto-
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Figure 2: (left) Results of the DFT calculation (black) superimposed with the Wannier interpolation
(blue) following the wannierization procedure as described in the main text. (right) The resulting
real-space plots of MLWFs corresponding to Fe bands with dominant 3d character (red) are shown.
Their orbital character generally corresponds to the free atom case whilst their orientation reflects
the underlying symmetry of the MgO substrate.

nian (at R=0), which should be strictly 0 in
the case of true maximal localization.40 We use
an 11 × 11 × 1 regular grid of k-points in the
non spin-polarized calculation, corresponding
to less than 10−3 meV for the sum of imaginary
energies as shown in Figure 3. Initial projec-
tions were defined on the 3d and 4s of the TM
as well as oxygen 2p orbitals, which make up
the valence bands of MgO, resulting in a total
of NW =168 MLWFs. These projections lead
to small average spreads (Ω < 1 Å2) of the ML-
WFs. Further extending the Wannier basis set
to include Mg did not lead to improvements.

The results of the wannierization are shown
in Figure 2 for Mn, Fe and Co with the real-
space plots of the MLWFs for the case of Fe:3d.
In the following, we will focus on the case of Fe
on MgO, but the discussion applies to Mn and
Co as well. Real-space plots of the Wannier
functions were created using VESTA.41

As mentioned before, the number of MLWFs
used to reproduce the DFT energy bands is
too large to create a manageable basis set to
span the Hilbert space of the many body prob-
lem, so LCWO and the perturbative Feshbach-
Schur treatments are used to speedup the con-

Table 1: Value for the MAE from DFT
total energy calculations compared to
preferred magnetization axis and total
barrier height from experiment (exp.). A
negative sign of the MAE corresponds to
out-of-plane magnetization

TM MAEDFT (meV) MAEexp. (meV)

Mn -5.8 (N.A.)
Fe -2.4 -222,42

Co -5.6 -605

vergence and reduce the computational cost.
The basis reduction has been carried out tak-
ing ∆d = 0.02 and ∆W = 0.003, which leads
to a dimension N ′W = 26. The results of the
combination of LCWO with the Feshbach-Schur
method are then compared with the spectrum
of the whole Wannier Hamiltonian, see Figure
4. In addition, they are compared with the
spectra without LCWO and neglecting the per-
turbative effect of the states left out of the re-
duced subspace. An analysis of the data in
Figure 4 clearly shows that the perturbed so-
lution already provides a considerable improve-

6
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Figure 3: Convergence of the sum of off-
diagonal parts of the imaginary energy of the
Wannier Hamiltonian (

∑
i,j Ei,j, i 6= j) for dif-

ferent k-grids. We consider the Wannier Hamil-
tonian converged when the sum of imaginary
energies is ≈ 10−3 meV

ment in energy convergence, which is further
enhanced by the LCWO. In the case of very
efficient decoupling layers,improvements seem
moderate but LCWO leads to a significant im-
provement in the case of more strongly hy-
bridized substrate-adatoms, as it happens on
CuCl(111) or Cu2N/Cu(100) surfaces.

Multiplet of Fe on MgO

The case of Fe on MgO has been studied ex-
tensively experimentally and is therefore an ex-
cellent case to benchmark our calculations. In-
elastic electron tunneling spectroscopy (IETS)
and x-ray magnetic circular dichroism (XMCD)
have shown that this system has preferred out-
of-plane magnetization with a splitting between
ground-state and first excited state of 14 meV
at zero external magnetic field, corresponding
to the zero-field split (ZFS) measured by IETS
(selection rule ∆S = 0,±1).2,43 The orbital mo-
ment is unquenched and large which leads to an
effective g-factor of 2.6, significantly larger than
the g-factor for a free electron of 2.0.2,43

We perform multiplet calculations on a reduced
basis including 6 orbitals on the adatom and 20
surface orbitals (NW = 26). The Coulomb in-
teraction is parametrized by an average repul-
sion Ueff = U − J = 5 eV. We consider Ne = 9
electrons in the phase space with a final electron
occupation of 4s23d6 for the adatom and one re-
maining electron on the surface. The results of
our calculation are shown in Figure 5. The cal-
culated spectrum is in excellent agreement with
the experimental findings. The IETS ZFS of 14
meV, the MAE of 21 meV, as well as the un-
quenched orbital moment Lz are on top of the
experimental values.42 The unquenched orbital
moment leads to an effective g-factor of 2.56
in our calculation. The splitting between the
Sz = ±2 states implies the presence of a small
quantum spin tunneling (QST), which leads to
a null average magnetization at zero field. The
magnitude of the QST only slowly decreases
with the basis size which is why the calculated
value exceeds the experimentally found value
of approximately 1 neV.44 We also calculated
the expectation values for 〈Sz〉 and 〈Lz〉 (de-
tails on the calculation of observables from the
multiplet model can be found in the appendix)
for in-plane and out-of-plane external magnetic
field. As shown in Figure 5 (b) and (c) they
quickly saturate for out-of-plane (indicated by
b=z) magnetic field which confirms the pre-
ferred out-of-plane magnetization axis.

The explored configuration has 〈〈Nd〉〉 = 6
with a total spin S = 2, as found experimen-
tally,2 and the the best agreement was found
for the 4s23d6 configuration. To study the ro-
bustness of the method we explored the effects
of variations of the relative splitting between s
and d orbitals ∆sd on the adatom, as well as the
value of the effective Hubbard Ueff as introduced
in the treatment of the crystal field, eqs 7 and 9.
This is shown in Figure 6. As observed, appre-
ciable changes in the MAE only appears when
the occupation of the TM orbitals changes. Ad-
ditional analysis (not shown) of the dependence
on E0 demonstrates that, for Ueff ≤ E0 ≤ 6Ueff ,
variations of the ZFS are below 0.1%. The
4s23d6 configuration is maintained as long as
∆sd ≤ 4 Ueff . The multiplet solution is robust in
a wide range of 5 eV ≤ Ueff ≤ 10 eV, which al-
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lows us to assign a relatively conservative value
of Ueff = 5 eV. This value agrees well with calcu-
lated values for U using linear response, which
in our case gave Ueff = 5.2 eV.45,46

Multiplet of Co on MgO

It has been experimentally confirmed that Co
on MgO exhibits the largest possible anisotropy
of any TM on MgO, due in part to large contri-
butions from the unquenched orbital moment
with Lz = 3, leading to a value of 57 meV
for the ZFS measured by IETS with an out-
of-plane easy axis.5 Both observations are con-
firmed by our calculations indicating that Co
has an Sz = 3/2 ground state with preferred
out-of plane orientation of the magnetization
and a ZFS of about 48 meV which only slightly
underestimates the experimental value. The re-
sults are shown in Figure 7.

Multiplet of Mn on MgO

Spin transitions of Mn on MgO have not been
observed so far. This might be surprising,
as previous experiments have shown that Mn
shows spin transitions on Cu2N, with a very
small anisotropy visible in the IETS spectrum
at around 0.1 meV, interpreted as transition
from the |ms = 5/2〉 → |ms = 3/2〉 state.47,48

The expected low splitting poses an experimen-
tal challenge, but it is further complicated by
the observation that Mn on MgO can absorb on
top of oxygen or on an O-O bridge site exhibit-
ing different spectral features in IETS with-
out clear spin transition.38 Here, we will only
consider the “oxygen top” configuration which
has the lowest energy in our DFT calculation
(a comparison of absorption energies is given
in Table S1), comparable with the scenario of
Fe and Co. The multiplet spectrum for Mn is
shown in Figure 8. The preferred magnetiza-
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(at T=0.5 K) for the spin and orbital angular momentum (in units of ~) measured in-plane (b = x)
and out-of-plane (b = z) for a magnetic field applied in the same direction. The saturation with
b = z indicates the out-of-plane (easy-axis) preferred magnetization.

tion axis lies out of plane, and the ground-state
has |Sz| = 5/2 with strongly quenched orbital
moment due to the half-filling of the 3d shell
with a resulting ZFS of 2.5 meV. The resulting
ZFS of 2.5 meV is small compared to Co and
Fe, following the general trend of strongly re-
duced anisotropy when replacing Co or Fe by
Mn on a Cu2N substrate.48,49

Conclusions

Here, we have made use of an ab-initio based
electronic multiplet calculation to study the
magnetic properties of 3d transition metal
atoms on a MgO surface. The method combines

the benefits of a linear combination of atomic
orbitals, which efficiently accounts for the sym-
metry of the crystal and ligand field, and the
low spread and quasi-atomic character of max-
imally localized Wannier functions. By apply-
ing the method to Mn, Fe and Co on MgO we
can accurately reproduce experimental findings,
in particular, the preferred out-of-plane mag-
netization of all adatoms, the magnetic ground
state and spin and orbital moments of the states
involved in the transitions observed in IETS ex-
periments. For Fe and Co, where experimen-
tal data are available, we obtain 14 meV and
48 meV for the lowest IETS transitions, which
agrees well with 14 meV and 58 meV obtained
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spin << S >> of the adatom as function of the
adatom s−d energy splitting ∆sd and (b) their
dependence on the effective U-J parameter.

by experiments. For Mn on MgO we can pre-
dict a spin excitation at 2.5 meV which so far
has not been observed. In addition, we have
analyzed the robustness of our approach with
the parameters that can not be precisely known
from a first-principle calculation, such as the
average onsite repulsion energy, U , or the ac-
tual atomic charge. We have shown that, far
from critical regions where charge transfer oc-
curs, our method provide stable solutions. We
believe that our method greatly enhances our
ability to systematically search for substrate-
magnetic adatom combinations with high mag-
netic anisotropy energies, which are promising
candidates for magnetic data storage at the
atomic limit.
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Appendix

Expressions of the multiplet
Hamiltonian in second quantiza-
tion

The Coulomb term HCoul can be written as
(eq 9)

HCoul =
1

2

∑
m,m′
n,n′

Vmnm′n′

∑
σσ′

d†mσd
†
nσ′dn′σ′dm′σ

− E0N̂TM.

(9)

The TM orbitals, denoted by φm(~r), are as-
sumed to be equal to the product of a radial hy-
drogenic function (with effective charge Z and
a effective Bohr radius aµ) and a spherical har-
monic. In the case of hydrogenic wavefunctions,
the Coulomb integrals Vmn,m′n′ can be calcu-
lated analytically in terms of the Wigner 3-j
symbols and the Slater integrals F n(3d) and
F n(4s).50 The strength of the interaction can
be defined in terms of a single repulsion pa-
rameter,14 the average onsite repulsion energy
U = 〈Vnn,nn〉.

The last term in eq (9), where N̂TM =∑
m,σ d

†
mσdmσ and E0 is an onsite energy, con-

trols the occupation of the magnetic atom,
which can fluctuate in one unit due to the hop-
pings to the surface orbitals.

The spin-orbit coupling HSO is assumed to be
non-zero only on the TM orbitals. It reads as

HSO = ζ
∑

mm′,σσ′

〈mσ|~̀ · ~S|m′σ′〉d†mσdm′σ′ , (10)

where ζ is the single particle spin-orbit coupling
of the d-electrons. This term is frequently ex-
pressed as λ~L · ~S with ~L and ~S the total orbital
and spin angular momentum, where λ = ±ξ/2S
with the plus (minus) sign for half-filled or be-
low (above).22
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Table 2: Preferred orientation of the magnetization axis, ∆E0→1 for a spin excitation
|0〉 → |1〉, Sz of the ground state, effective g∗-factor for Mn, Fe and Co on MgO. Values
in parenthesis are experimental reported values.

TM Species axis |Sz| ∆E0→1 (meV) g∗-factor

Mn out-of-plane 5
2

2.5 1.96 (1.90 on CuN)48

Fe out-of-plane 2 15 (14)2,42 2.60 (2.57)2

Co out-of-plane 3
2

48 (58),5 3.79 (3.7)5

The Zeeman term contains two contributions:
the Zeeman interaction of the TM electrons,
HTM

Ze , and the Zeeman contribution due to the
unpaired surface electrons, Hneigh

Ze . The former
is given by

HTM
Ze = µB ~B·

∑
mm′,σσ′

〈m,σ|
(
~l + g~S

)
|m′σ′〉d†mσdm′σ′ ,

(11)
where g = 2 and µB is the Bohr mag-
neton. For the surface electrons, we as-
sume Pauli’s diamagnetic response,51 with an
induced spin magnetic moment mP (B) ≈
ρ(εF )µ2

BB. Hence, we have that Hneigh
Ze =

2mp(B) ~B ·
∑

σσ′〈σ|~S|σ′〉
∑

j p
†
jσpjσ′ .

Observables from the multiplet
model

The solution of Hamiltonian (1) leads to a set
of eigenvalues EM and eigenvectors |M〉 of the
many body problem. With this information we
can look at the expectation values of several ob-
servables and their thermal equilibrium mean
values. In particular, we can be interested in
evaluating the average total spin and orbital an-
gular momentum S and L respectively, or their
components along a given direction a, Sa and
La. The expectation values of an operator Ô
will be denoted by 〈O〉M ≡ 〈M |Ô|M〉, while
the thermal equilibrium mean values will be de-
noted by 〈〈Ô〉〉 = Tr[ρ̂Ô], with ρ̂ the density
matrix corresponding to thermal equilibrium.

In first place, we will be interested in the aver-
age occupation of the s and d shells of the TM,
〈〈Ns〉〉 and 〈〈Nd〉〉 respectively, together with
the average occupation of the surface orbitals,
which we will denote as 〈〈NPS

〉〉. In addition,

the average spin 〈〈~S〉〉 and orbitals moments

〈〈~L〉〉 will be defined in the same way.

Supporting Information Avail-

able

The following files are available free of charge.
The following files are available free of charge.

• Additional calculations regarding the in-
fluence of the electric field on the elec-
tronic states of the adatom, and calcula-
tion of MAE from DFT
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Supplemental Material

Absorption energy differ-

ences for Mn on MgO

It has been shown that Mn does not only ab-
sorb on the “oxygen top” site but also on bridge
sites. We find that oxygen top is the lowest in
energy with all other absorption sites about 0.5
eV less favorable in energy when Mn is assumed
to be in its neutral state. This supports pre-
vious reports that have indicated that Mn on
bridge sites might have be in a different charge
state.S42

Table S1: Absorption energy difference in
meV for Mn on different sites relative to
the oxygen top absorption site. The to-
tal magnetic moment M per cell for each
configuration is given

Absorption site ∆E (meV) M (µB)

Oxygen-top 0.0 5.0
Mg-top 459 5.0
Mg-Mg bridge 442 5.0
Mg-O bridge 417 5.0

MAE from noncollinear to-

tal energy calculations

To demonstrate the failure of noncollinear SO
calculations to predict magnetic anisotropy en-
ergies it is helpful to map the DFT calculations
to an anisotropy spin Hamiltonian (eq S1)

H = DS2
z + E

(
S2
x − S2

y

)
, (S1)

with only the axial anisotropy parameter D6= 0
and the transverse anisotropy parameter E=0
(the latter being justified by the isotropic envi-
ronment in x and y-direction on the MgO sub-
strate).

The total DFT energy for spin orientation
perpendicular (E⊥) and parallel (E‖) corre-
spond to the evaluation of the DFT Hamilto-
nian with spin pointing in z and x direction
and are therefore related to D as:

D =
2
(
E⊥ − E‖

)
S (2S − 1)

. (S2)

Equation S2 allows us to calculate the to-
tal barrier height as difference of eq S1 eval-
uated for the spin ground state and the high-
est excited state, e.g. for Fe with a ground
state of Sz = ±2 and the excited state be-
ing Sz = 0, the anisotropy energy takes the
form MAEDFT = |D|(22 − 0) = 4|D|. Non-
collinear SO calculations were carried out using
fully relativistic pseudopotentials from the PSL
library.S26

Work-function of the MgO

capped Ag(100)

The work function (WF) was calculated as the
difference between the slab Fermi level and vac-
uum level, where the electronic potential be-
comes flat. Previous studies have put the WF
of Ag (100) at Φ = 4.2 − 4.3 eV, which is in
good agreement with our result of 4.24 eV.S34
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Figure S1: Modification of the Ag(100) work
function due to n=1..6 ML of MgO. The first
two MgO layers strongly suppress the work
function after which it saturates.

We further find that 3 ML of MgO per-
fectly screen the underlying silver substrate
from fields between STM tip and Ag substrate.
In order to illustrate this, we have applied a ho-
mogeneous electric field (V ≤5 V/nm) across
the slab and find that the surface Ag poten-
tial does not shift from the case without a field
when capped with MgO, as shown in Figure S2.
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When calculating the force of the external
electric field on the adatom (the case of Fe on
MgO is shown in Figure S3), it is found that
an external field up to 5 V/nm (corresponding
to 0.5 V applied over a distance of 1 Å and
assuming a plate capacitor model) does not ex-
ert a significant force on the adatom. Further,
the external field does not significantly shift the
Kohn-Sham levels of the adatom close to the
Fermi level, as shown in Figure S4. All find-
ings indicate that electrical field strengths in
the STM junction do not significantly perturb
the electronic state of the adatom as previously
discussed in Ref.S23
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on the adatom. The resulting force is small and
relaxation of the adatom under field leads to a
total displacement of less than 0.3 pm at an
applied field of 5 V/nm.
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Figure S4: Effect of an applied electric field on the band structure of Fe on MgO. (a) shows the
LDOS of the Fe:3d manifold superimposed over the total DOS (grey). The level closest to the Fermi
level (at -0.5 eV) has mostly d2

z character. The shift of this level with applied homogeneous electric
field is shown in (b). For the fields relevant in the experiment (roughly 0.1 V/nm), this level does
not exhibit any significant shift. In (c) the shift of the d2

z, the Fermi level EF , and the total energy
Etot are shown. In all cases the shift up to fields of 0.4 V/nm are negligible and will not lead to a
change of our multiplet results. (d) shows the in-plane averaged Kohn-Sham potential relative to
the potential of the case with zero field divided by the local electric field amplitude. The position
of the substrate and adatom are marked by vertical dashed lines.
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