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Electron-phonon coupling of Fe-adatom electron states on MgO/Ag(100)
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We study the strength of the electron-phonon interaction on Fe single adatoms on MgO/Ag(100) based on
many-body ab initio spin collinear calculations. In particular, we analyze the relative importance of the substrate
and, among other results, we conclude that the interface electron state of Ag(100) plays a prominent role in
determining the electron-phonon coupling of localized Fe electron states. The analysis of the hybridization
of the adatom with the substrate reveals qualitative differences for even or odd coverages of MgO, affecting
significantly the spectral structure and strength of the electron-phonon coupling. Our calculations indicate that
the electron-phonon interaction is very strong for < 1 layers of MgO, while it is sharply suppressed for larger
coverages, a trend that is consistent with recent experimental findings.
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I. INTRODUCTION

Controlling the magnetic moment of individual atoms
and understanding the underlying physics is an extraordi-
nary technological and scientific challenge due to its potential
applications in high-density storage devices [1] as well as
for quantum computing [2], among other cutting edge re-
search fields. Their magnetic structure has been intensively
studied by theoretical density-functional theory (DFT) [3-5],
model spin Hamiltonians [6,7], and more recently by ab initio
based multiplet calculations [8]. In addition, inelastic elec-
tron tunneling spectroscopy [9-14], x-ray magnetic circular
dichroism [15-18], spin-polarized scanning tunneling micro-
scope [19-23], and electron paramagnetic resonance [1,24]
experiments have further characterized the spin dynamics,
showing that it is possible to create long-living magnetic
quantum states in individual adatoms.

The state-of-the-art research of the field is currently fo-
cused on understanding the physical mechanisms involved on
the spin dynamics, with the ultimate goal of achieving the
control and stability of single atoms with long spin-relaxation
times like those found for Fe and Ho on MgO/Ag(100)
[17,22]. The magnetic stability is determined by the strength
of the energy barrier separating the ground state and the
excited magnetic states. At low temperatures, the main relax-
ation mechanisms of the magnetic moment are associated to
quantum tunneling of magnetization [25] and the interactions
with the environment [7], where it is expected that the main
contribution is due to the coupling with the electron and
phonon bath of the system. In order to stabilize the magnetic
moment of the adatoms, insulating decoupling layers such as
Cu,;N or MgO have been used successfully [11,17]. The in-
sulating layers effectively reduce the electronic hybridization
between the adatom and the conducting substrate, as thor-
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oughly analyzed in the literature [7,26,27]. However, the role
of substrate phonons has received far less attention to date,
despite clear indications of their importance in the relaxation
mechanism [28].

The so-called electron-phonon interaction is essentially
the effect of phonons on the electronic structure. The matrix
elements become relevant when studying this coupling pertur-
batively, which are given by
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where dV* /9£" represents the potential induced by a phonon
mode 1 with displacement vector &7, while ¥ and vy re-
spectively represent the initial and final electron states with

;’};‘”’ can be naturally divided into
two pieces; the spin—diagonél (s = s) and spin-flip (s # ')
parts. The former is mostly driven by the Hartree term and is
therefore commonly regarded as the dominant contribution in
most materials [29]. The spin-flip part, in turn, originates from
the relativistic spin-orbit interaction that scales as v?/c?, with
v the electron velocity and ¢ the speed of light; among other
properties, the spin-flip process determines the phonon-driven
spin-lifetime of electron states [30,31]. Given their different
nature, the spin-diagonal and spin-flip terms are expected to
show marked differences in magnetic adatoms, e.g., in their
total strength as well as dependence on the insulating cov-
erage. To our knowledge, neither of these terms has been
computed by ab initio means in single adatoms.

In this paper we focus on the spin-diagonal electron-
phonon contribution and present ab initio calculations on
a Fe adatom deposited on the MgO/Ag(100) surface. Our
analysis reveals that the special features of the adsorbing
surface, such as interface states, are of great importance on the
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electron-phonon scattering processes. Additionally, we study
the dependence of the electron-phonon coupling strength
on the number of MgO layers. We clarify the role of hy-
bridization between the adatom and the substrate for different
coverages, finding that the effect of the electron-phonon inter-
action is strongly suppressed for two or more layers of MgO, a
trend that is consistent with recent experimental findings [22].

The paper is organized as follows. In Sec. II we summarize
the technical details of the formalism used to perform the
DFT calculations, and we explain the computational method
used to compute the vibrational structure and the electron-
phonon matrix elements. Section III contains the calculations
and analysis of the effect of the spin-diagonal contribution to
the electron-phonon interaction on the Fe adatom adsorbed
on the MgO/Ag(100) surface. In particular, we introduce the
electronic and vibrational properties of the MgO/Ag(100)
surface and the adatom (Sec. III A), and we follow with the
calculations and analysis of the electron-phonon coupling
(Sec. III B). Finally, Sec. IV summarizes the main results and
conclusions.

II. COMPUTATIONAL DETAILS

The first-principles calculations were preformed using the
DFT [32,33] formalism implemented in the SIESTA code
[34], based on numerical linear combination of atomic orbitals
(LCAO) basis sets and pseudopotentials (PPs) [35]. Opti-
mized basis sets are used for silver and oxygen, a triple-zeta
plus 2 polarization orbitals for magnesium and a triple-zeta
plus 3 polarization orbitals for iron. Atomic cores are repre-
sented using separable [36] norm-conserving PPs [37]. The
generalized gradient approximation parametrized by Perdew,
Burke, and Ernzerhof [38] (PBE-GGA) has been used for the
exchange-correlation functional. The spin polarized calcula-
tions were done using the collinear formalism.

Calculations of two different systems are presented in this
paper. On the one hand, the clean MgO/Ag(100) surface,
which is modeled using a slab system consisting of eleven
silver atoms with a monolayer of magnesium oxide on both
terminations. Coverages of MgO from 0 to 4 monolayers
(MLs) are considered, with a minimum vacuum region of
18 A to prevent interaction between slabs for 1 ML coverage.
We also have considered the free standing MgO surface on our
calculations to disentangle the role of electronic interactions
on the properties of the adatom. In addition, we also consider
a4 x 4 x 1 super cell of the original MgO/Ag(100) surface,
with an iron adatom on top of an oxygen site. Integrations over
the Brillouin zone are done using a 4 x 4 x 1 Monkhorst-
Pack mesh [39] for the clean MgO/Ag(100) slab, and the
I" point for the super cell with the iron adatom. The occu-
pations are calculated by the Fermi-Dirac distribution with an
electronic temperature of 300 K to accelerate self-consistency.
Additionally we have used a mesh cutoff of 600 Ry for our
calculations, together with the Grid.CellSampling param-
eter on the adatom system to mitigate the egg-box effect on
atomic forces and properly determine the soft modes of the
adatom.

The usual approach to compute the lattice dynamics of a
system is to calculate the dynamical matrix of the whole sys-
tem. This can be done using density functional perturbation

theory (DFPT) [40], obtaining the dynamical matrix for the
desired phonon momentum, or by using the so-called direct
method [41,42], obtaining the interatomic force constants,
which can be used to compute the dynamical matrix. DFPT
is a robust, efficient and accurate method to compute the lat-
tice dynamics of bulk systems, surfaces, and small molecules
[40], but it becomes impractical in a super-cell structure with
hundreds of atoms. For this reason, we have instead em-
ployed the direct method to compute the lattice dynamics of
the system. In this method, each atom is displaced in every
cartesian direction, and the interatomic force constants are
obtained differentiating the Hellmann-Feynman forces, where
the derivative is approximated by a centered finite difference
formula,

F*(R+uf) - F*(R —uf)

P*F = — d
2[uf|

@

Here u? and F* are the displacement vector of the atom t
along direction 8 and the Hellmann-Feynman force of atom
k in the direction «, respectively. The potential induced by
the phonons, which is required to calculate the electron-
phonon matrix elements, is computed by differentiating the
Kohn-Sham potential (Vks), also approximated by centered
finite differences,

Vs VER+ub) - VIR —uf)
ouf 2fuf| |
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The potential induced by a phonon 7 that appears in Eq. (1) is
obtained by a linear combination of aV**'/du?.

In general, in a system with N atoms, a naive implemen-
tation of this method would require 3 x N standard DFT
calculations. The number of displacements to be considered
can be greatly reduced by making use of the symmetries of the
system and displacing only the non-equivalent atoms along
the non-equivalent directions [42]. As an example, the usage
of symmetries enables to compute the complete interatomic
force constants of the 4 x 4 x 1 1 ML MgO/Ag(100) super
cell, which has P4/mmm space group symmetry, calculating
the Helmann-Feynman forces for only 16 different configu-
rations, recovering the rest using symmetry operations (see
Ref. [42] for more information).

Adding the iron adatom to the calculation breaks the
translational and inversion symmetry of the system, while
the 4-fold symmetry is still maintained. This means that
one would be forced to consider hundreds of different self-
consistent calculations if the translational symmetry of the
clean substrate was not exploited. As adding the adatom
changes only the neighboring interatomic force constants and
leaves the substrate unaltered, in this paper we reduce the
number of calculations by considering the interatomic force
constants of the MgO/Ag(100) substrate without the adatom
as an starting point. Then, we include the local modifica-
tions of the interatomic force constants due to the adatom by
computing the interatomic force constants connected to the
adatom and the oxygen underneath it. Thereby, the forces of
only 22 [43] displacements are needed to completely deter-
mine the vibrational modes of the Fe adatom on a 4 x 4 x 1
1 ML MgO/Ag(100) super cell. More importantly, given that
dV£ is generally well localized around the displaced atom, we

195422-2



ELECTRON-PHONON COUPLING OF FE-ADATOM ...

PHYSICAL REVIEW B 104, 195422 (2021)

also can safely compute the induced potentials following this
procedure.

While there are available programs to compute the inter-
atomic force constants using the symmetries of the system, to
our knowledge none of them has the capability of calculating
the potential induced by the displacement of the atom, which
is essential to compute the electron-phonon matrix elements.
For this reason, we have implemented the method following
the formulas found on Ref. [44] for obtaining the interatomic
force constants, and obtained the induced potentials using
symmetry operations. Additionally, we also compute the dy-
namical matrix from the interatomic force constants, which
is diagonalized to obtain the energies w, and polarization
vectors &Y of the vibrational modes.

The spin-diagonal electron-phonon matrix elements are

computed as
gl = g b, @)

ss’

where 83;,; ¢ is defined in Eq. (1). We compute the electron-
phonon matrix elements in Fourier space, in order to take
advantage of the computational scheme already developed by
our group (see Refs. [45-49] for most recent activity). To this
end, we transform the wave-functions given by SIESTA in an
atomic basis set (/, m) to a plane wave basis (G) using Egs.
(23) and (24) from Ref. [34]:

Imax

PGy =) Z Yim(G)Yim(G), 5)
=0 m=—1
and
Vim(G) = (i) /0 2 ji(Gr) Y (r)dr, (©6)

where Y}, and j; are spherical harmonics and spherical Bessel
functions, respectively.

III. RESULTS
A. Electronic and vibrational properties

In this section we focus on describing ground-state proper-
ties. We have chosen the Ag(100) surface covered with three
MgO layers as the reference system analyzed in Secs. IIT A 1
and III A 2, given that it best exemplifies the central features
of interest. The analysis of the MgO layer dependence is done
in Sec. IIT A 3.

1. Clean substrate

Figure 1 shows the electronic band structure of the
3 ML MgO/Ag(100) surface. The projected density of states
(PDOS) is shown in Fig. 1(b), where the electronic states of
the MgO layer are below 2 eV from the Fermi level. Indeed,
the meV energy window of phonon energies around the Fermi
level is exclusively dominated by silver states. Focusing on
the band structure in Fig. 1(a), the blue area represents the
bulk band projection of the silver (100) surface. It is known
from previous works that the Ag(100) surface hosts a surface
state close to the Fermi energy at the X point of the surface
Brillouin zone [50-55]. Our calculation shows an electronic
state localized on the MgO/Ag(100) interface with similar

7. MgO/Ag(iOO) slab
M Ag bulk projection

ro 2
PDOS (eV—1)

FIG. 1. (a) The calculated band structure of the 3 ML
MgO/Ag(100) slab (red lines) together with the bulk band projec-
tion of silver (solid blue). The inset shows the detail close to the
Fermi energy of the interface state at the high symmetry X point.
(b) The calculated projected DOS of the MgO layer and the Ag(100)
substrate. The dashed line represents the Fermi level.

energy around the same region. As we will show, this interface
state will play an important role in the conduction properties
and on the electron-phonon coupling due to its energy and
proximity to the surface.

In Fig. 2 we present the calculated phonon dispersion
of the 3 ML MgO/Ag(100) surface. The blue area repre-
sents the bulk phonon projection of the Ag(100) surface and
the red lines show the calculated phonon dispersion of the
MgO/Ag(100) slab, which is very similar to that of the clean
Ag(100) surface at least up to 20 meV [56]. The higher energy
modes correspond to vibrations of MgO. The first acoustic
mode of the MgO layer is completely mixed with silver oscil-
lations in the 10-20 meV energy range.

2. Fe adatom on MgO[Ag(100)

We analyze now the properties of the Fe adatom deposited
on the 4 x 4 x 1 3 ML-MgO/Ag(100) super cell. We found
the oxygen top adsorption site to be energetically the most
favorable one for iron, in agreement with previous studies
[22,24,57]. After relaxation, the oxygen atom is slightly dis-
placed upwards with a resulting Fe-O bond of 2.01 A, in
agreement with Ref. [57]. The system develops a magnetic

— \IgO/Ag 100) slab /\/
M Ag bulk projection

r

FIG. 2. Calculated phonon dispersion of the 3 ML
MgO/Ag(100) slab (red lines) and silver bulk phonon projection
(solid blue).
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FIG. 3. Projected DOS of iron’s 3d (solid line) and 4s (solid
background) orbitals for Fe on 3 ML MgO/Ag(100). Positive and
negative values of the PDOS indicate majority and minority spin
channels, respectively. The Fermi energy is marked by a vertical-
dashed line.

ground state, with a local magnetic moment of 3.97 g for the
iron adatom, and 0.1 pp spread over the surrounding atoms.

In Fig. 3 we show the spin resolved PDOS projected on the
Fe adatom. The occupation of the valence 3d electrons has a
similar configuration to the free atom; the five majority states
are filled, whereas only one minority orbital is fully occupied;
note that the 3d is partially occupied because it is highly
hybridized with the 4s orbital. The only orbital that falls in the
meV range from the Fermi level is the minority 3d,,, which
will therefore play a central role in the forthcoming analysis
of the electron-phonon interaction.

Next we analyze the vibration modes of the 3 ML
Fe-MgO/Ag(100) system. The phonon DOS projected on the
iron adatom is shown in Fig. 4. The figure reveals a vibrational
mode completely localized in iron at 7.3 meV. Physically,
this peak corresponds to two degenerate modes of the adatom
oscillating parallel to the surface. At higher energies, in the
12-25 meV range, we observe the presence of multiple modes
with an out-of-plane polarization and with a more pronounced
mixing with the substrate, as inferred from the broadening of
the peak.
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FIG. 4. Phonon DOS projected onto the Fe adatom deposited on
3 ML MgO/Ag(100). The inset shows the MgO layers and the Fe
adatom, with the arrows indicating the polarization vector of the
vibrational modes localized on the adatom.

(a) (b)

FIG. 5. Positioning of the iron adatom respect to the Ag(100)
substrate for an (a) odd and (b) even number of MgO layers. The
vertical black line is a guide for the eye.

3. Layer dependent electronic and vibrational properties

Here we study the influence of the number of MgO layers
on the electronic and vibrational properties. As a general
trend, increasing the MgO coverage has the effect of isolating
the adatom from the interactions with electrons and phonons
of the silver substrate. However, the trend is not monotonic
due to a marked difference between the geometric configura-
tions with even and odd number of MgO layers. Fig. 5 shows
schematically that when the number of MgO layers is odd,
the adatom has an atom of the first silver layer underneath in
the same vertical line, whereas it lies on over a hollow site
of the Ag(100) surface termination when the number of MgO
layers is even. This observation is crucial for understanding
the electronic hybridization and the vibrational structure of
the system for different coverages of MgO.

In Fig. 6 we illustrate the electronic DOS projected on
the minority spin channel of the iron adatom for coverages
of MgO ranging from O to 4 MLs together with iron on

201 E
0 —/\ : : =
0 ‘ ‘ —
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D 1
a =
qu /\ ‘ o
L) I
0 ‘ ‘ <
201 S,
I
1.0 0.5 0.0 0.5 1.0 L5

Energy — Ep (eV)

FIG. 6. Calculated DOS of Fe-MgO/Ag(100) projected onto the
iron adatom for different coverages of MgO and Fe on free standing
MgO. The vertical dashed lines indicate the Fermi level.
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(a) [Iw(r)! =0.01 Q~1/2]

FIG. 7. Isosurface of the interface state discussed in Fig. 1 for different coverages of MgO: (a) 1 ML, (b) 2 ML, and (c) 3 ML. The value
of the isosurface has been chosen to make visible the hybridization with the iron adatom. 2 is the volume of the unit cell.

free standing MgO. As a general trend we observe that the
broadening of the peaks decreases when increasing the num-
ber of MgO layers. For the clean Ag(100) surface (0 ML),
the iron projected states are completely broadened around the
Fermi level, with no clear peak structure. Already for 1 ML
coverage, the 3d,, peak is localized close to Er, and its width
decreases with increasing coverage as a consequence of the
insulating nature of MgO. For free standing MgO the iron 3d
states are located at slightly different energies, but the broad-
ening of the peaks is very similar to the 4 ML MgO/Ag(100)
system, indicating that the iron adatom is well protected from
the silver substrate electrons with 4 ML of MgO.

An important contribution to the hybridization can be as-
sociated to the interface state discussed in Fig. 1, since it
lies close to the iron‘s 3d,, state both in real space and in
energy. This is made clear in Fig. 7, where we show the
isosurface of this interface state for different MgO coverages.
For 1 ML of MgO, it is clear from Fig. 1(a) that the interface
state is mainly localized in the first three layers of silver, but
it already shows a considerable hybridization with the iron
adatom. For larger coverages of MgO, the hybridization is
reduced considerably (note that the value of the isosurface
is substantially reduced in order to make the hybridization
visible). Another feature revealed by the figure is the different
atomic nature of the hybridization depending on the MgO cov-
erage. Due to the qualitative difference between odd and even
configurations, the hybridized interface state has a 3d,. orbital
character around the iron adatom for an even number of MgO
layers, while for odd coverages the hybridization has a 3d,. .
orbital nature on the adatom. Coming next to the vibrational
structure, Fig. 8 shows the phonon DOS projected on the
adatom for different number of MgO layers. For the system
with the iron adatom adsorbed on the clean Ag(100) surface
(0 ML), the figure shows that the energy of all vibrational
modes is increased compared to coverages > 1 ML. In the
clean substrate the adatom is adsorbed on a hollow site and,
thus, it is integrated more compactly into the surface, shifting
up the energy of the modes due to the stronger interaction
with the neighboring atoms. When adding MgO for coverages

> 2 ML, the largest contribution to the phonon DOS of iron
comes from the in-plane modes located approximately at the
same energy of around 7.3 meV. In the specific case of a
single layer of MgO, the proximity of the silver substrate
affects considerably the energy of the localized modes of
the iron adatom, softening the energy of the in-plane mode
to ~ 3.2 meV. On the other hand, our calculations for Fe
on free standing MgO show that the in-plane mode energy
is approximately at 7 meV, with a phonon DOS practically
equal to the 4 ML MgO/Ag(100) system. This indicates that
the vibrational structure will remain unaltered for larger MgO
coverages. Incidentally, we note that the energy of the in-plane
mode of a Ho adatom in free standing MgO was found at
4.7 meV [28]; the ratio between the two energy modes is

=
t
0 ML

e 2
oo
1 ML

S 2
[

2 ML

e 2
oo

Phonon DOS (meV~1)

o o
o

.Q«‘_(
4 ML 3 ML

e 2
(2 S )

=
o

VAN
/N
AN

= MgO

15 20 %
w (meV)

w

FIG. 8. The calculated phonon DOS projected onto the Fe
adatom deposited on MgO/Ag(100) with coverages ranging from
0 ML (bare silver surface) to 4 ML of MgO and Fe on free standing
MgO.
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described reasonably well by the mass ratio of the two
adatoms, /Mp./My,. Finally, Fig. 8 shows that the out-of
plane modes, located between 10 to 20 meV, are hardened
by increasing the MgO coverage, the reason being that MgO
vibration energies are about 4 times more energetic than in
silver.

B. Electron-phonon coupling

Having analyzed all the ingredients needed for comput-
ing the electron-phonon matrix elements, in this section we
study the effect of the electron-phonon interaction on the one-
particle states of the system. The size of the electron-phonon
interaction is determined by the scattering matrix elements
defined in Eqgs. (1) and (4). Those expressions show that the
strength of the electron-phonon interaction depends on the
overlap between three quantities: initial and final electronic
states, and the potential induced by the phonon. Given that the
electron-phonon interaction influences the electronic proper-
ties mostly on a energy window on the scale of meV around
the Fermi level, the effect on the adatom will be dominated
by the 3d,, spin-down state. For this reason, and given that
the initial 3d,, state is localized on the adatom and the only
energetically available final states are on the silver substrate,
the larger the hybridization of silver states with iron, the larger
the electron-phonon scattering matrix elements will be. Fur-
thermore, the vibrational modes that involve the atoms around
iron will also be crucial due to the overlap of the potential
induced by this phonons with the initial 3d,, state.

1. Eliashberg function

The fundamental quantity analyzed in this section is the
state-dependent Eliashberg function,

CFw) =Y g[8 — b —w). (D)
n.f

This quantity is widely used to study the electron-phonon
interaction in metals [58,59], and represents the scattering
probability from an initial state with energy ¢; via a phonon of
energy w. Therefore, this function enables us to identify the
phonons that interact most prominently. Figure 9 shows our
calculated Eliashberg function for the 3d,, state of the adatom
on the MgO/Ag(100) surface, for MgO coverages ranging
from 1 ML to 4 ML (we have not included free standing
MgO since the initial 3d,, state does not have available final
states to scatter to due to the energy gap of MgO around
the Fermi level). It is largely dominated by a strong peak
located between 3 and 8 meV depending on the coverage,
which coincides with the energy of the in-plane phonon modes
localized in iron (see Fig. 8). The importance of local in-plane
modes revealed by these results is consistent with what was
found by Donati ef al. [28] in a similar system.

Noteworthily, our calculations reveal that for odd cover-
ages of MgO, the main scattering channel is the interface
state shown in Fig. 7, whose contribution to the Eliashberg
function represents as much as the 70% in the case of 3 ML
coverage. For 1 ML, the proximity of the adatom to the silver
substrate opens new scattering channels to the bulk silver
states, reducing the contribution of the interface state to a
50% of the total electron-phonon scattering rate. On the other

— Total

21\ _ —01 =)
max(a F7) =6.4x10 Interface state | =
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S _ =
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3 0= - ‘ : ‘ ‘ ‘ -
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3 —0: —
= max(a?F;) = 6.4 x 1079 S
m@ o
0,. R RRRBRBRRRRRBREREZSSESEERREZER
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maz(a®F;) = 1.9 x 107" 5
—
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0 10 20 30 40 50 60 70 &0
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FIG. 9. Calculated Eliashberg function of the initial 3d,, state of

the iron adatom on MgO/Ag(100) for MgO coverages from 1 ML to

4 ML. The solid blue line represents the total scattering probability,

while the dashed orange line includes scattering only through the
interface state.

hand, the different atomic nature of the interface state around
the adatom for even and odd coverages of MgO (see Fig. 7)
strongly suppresses scattering to the interface state for an
even number of MgO layers, reducing significantly the strong
peak observed for an odd coverage of MgO. This makes the
contribution of high energy MgO phonons comparable to the
contribution of the in-plane modes.

2. A parameter and quasiparticle lifetime

The so-called mass enhancement parameter X is a dimen-
sionless parameter, which is widely used to characterize the
strength of the electron-phonon coupling in metals, and using
the Eliashberg function is defined by

Wmax 2F;,
a=2 / hi@,, 8)
0

w

for a given state i. In metals with full translational symme-
try, this quantity describes the mass enhancement of electron
quasiparticles at the Fermi level for low temperatures. In the
system that we are analyzing, as the most interesting electron
states are localized around the iron adatom, we were forced to
find another physical interpretation. In fact, it is easily shown
that in this case the A parameter describes the energy shift due
to the electron-phonon interaction (see Appendix),

wo 2
Ae =~ —sok(—> for |eo| > wy, 9
€0

and provides a feeling of the strength of the electron-phonon
coupling. Above, gy and wy represent the unperturbed energy
of the localized state and the energy of the localized vibra-
tional mode, respectively.

The calculated A parameter of the localized iron 3d, state
is shown in Fig. 10 for the different MgO coverages; in or-
der to have a comparative indication of the strength of the
coupling we have also included the A parameter of bulk Pb,
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Number of MgO layers

FIG. 10. Calculated electron-phonon X parameter (left axis) and
electron-phonon lifetime of a one-particle excitation (right axis) for
the 3d,, orbital of the iron adatom deposited on MgO/Ag(100) as a
function of the MgO coverage. The dashed line represents the A pa-
rameter for scattering through silver bulk states, whereas the solid
line represents the total A parameter (silver bulk plus interface state
scattering channels). The dash-dotted line indicates the A parameter
of bulk Pb, a material with strong electron-phonon coupling.

which ranks among the strongest ever reported with A = 1.56
[60], whereas on noble metal surfaces it can vary on the
range 0.11 — 0.01 [61]. We observe a clear step between 1
ML and 2 ML coverages. In fact, for < 1 ML coverages, the
strength of the electron-phonon interaction is quantitatively
close to the one found for bulk Pb, which from Eq. (9) gives a
positive energy shift of around 10% for the 3d,, state. We find
that for larger coverages, the A parameter shows a reduction
of two orders of magnitude, indicating that the 3d,, orbital
becomes effectively protected from the electron-phonon inter-
action. Clearly, our analysis indicates that a single MgO layer
is not enough to screen or decouple the electronic states of
the iron adatom from the silver substrate. Also, we observe
that the layer dependence of the A parameter follows a clear
odd-even step structure, whereas it decreases if we do not
consider scattering through the interface state (see dashed line
in Fig. 10). Thus, the interface state is the main responsible of
the step structure, which is consistent with our analysis of the
geometric configuration in terms of the number of MgO layers
and the connection with the hybridization of the interface
state.

The Eliashberg function also allows us to calculate the
lifetime of excited single electron quasiparticles, integrating
the scattering probabilities at all phonon energies,

T =T = an o*F(w)do, (10)
0

which resembles Fermi’s golden rule. Figure 10 shows our
calculated lifetime for a hole on the 3d,, orbital of the adatom
as a function of MgO layers. For 0 ML and 1 ML coverages,
the lifetime of the quasiparticle is of the order of 0.1 ps,
whereas we obtain a lifetime of around 30 ps for 2 and 3 ML
coverages and of 800 ps for 4 MLs. Again, we observe a clear
step structure, with a jump of two orders of magnitude from
1 ML to 2 ML coverage, which is also caused by the absence

of the interface state scattering channel for an even number of
MgO layers.

IV. SUMMARY AND OUTLOOK

We have conducted a detailed ab initio analysis of the
spin-diagonal electron-phonon interaction of an iron adatom
on the MgO/Ag(100) surface. We have calculated the elec-
tronic and vibrational structures, pointing out the importance
of the silver substrate providing final states to scatter on the
electron-phonon interaction. We have computed the strength
of the electron-phonon coupling, demonstrating by consider-
ing the Eliashberg function that the in-plane oscillations of
the adatom are the most important vibrational modes, in good
agreement with what was found in Ho on MgO/Ag(100) [28].
Moreover, we have found that the strength of the electron-
phonon interaction shows qualitative differences for even and
odd number of MgO layers, as deduced by the calculated X pa-
rameter and quasiparticle lifetime. This difference between
even and odd coverages is explained by the presence of an in-
terface state of the substrate close to the high symmetry point
X, which represents the most important scattering channel
for odd coverages of MgO; its contribution represents up to
70% of the total scattering rate in the case of 3 ML coverage,
whereas for an even number of MgO layers its contribution is
highly suppressed.

As a central result of our paper, we have shown that a
single MgO layer is not capable of effectively screening the
spin-diagonal electron-phonon interaction on the iron adatom,
whose calculated strength is comparable to the largest values
found among bulk materials. In turn, this scattering channel
is deeply suppressed for two or more layers of MgO. Interest-
ingly, a recent spin-polarized scanning tunneling microscope
experiment on the same system reported a long-living mag-
netic moment of iron only for > 2 ML MgO coverages [22],
and the lifetime of the magnetic moment has never been
reported for smaller coverages. While a single monolayer of
MgO on Ag(100) occurs infrequently in experiment [22], this
coincidence might also suggests that an effective screening of
the electron-phonon scattering channel studied in this paper
is an important ingredient for achieving magnetic stability of
single adatoms.

Beyond this contribution, scattering terms that flip the spin
of the adatom electron states are required in order to gain
further insight into the phonon-driven relaxation mechanism.
The spin-flip electron-phonon contribution is mediated by the
spin-orbit interaction and determines the phonon spin relax-
ation time (not to be confused with the quasiparticle lifetime
reported in the present paper). In molecular magnets, this
quantity has been calculated by combining ab initio calcula-
tions with spin-phonon dynamics [62], but no similar study
has been reported in single adatoms to our knowledge. While
in this paper we have shown that the spin-diagonal contri-
bution depends strongly on the number of MgO layers, the
spin-flip process is expected to be a more local effect as it
takes place in the adatom itself, which is likely to be less influ-
enced by the MgO coverage. These and further aspects of the
spin-flip electron-phonon interaction will be the subject of a
future work.
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APPENDIX: ENERGY RENORMALIZATION OF
LOCALIZED ELECTRONIC STATES

In this Appendix we will derive the energy shift that experi-
ences a localized electronic state in the Einstein model. In this
case, the energy renormalization of the electronic state can be
directly related with the A parameter. In the Einstein model,
with a dispersionless phonon with energy wy, the real part of
the electron-phonon self-energy of an electron is determined
by the A parameter:

() =A%10g‘w_w0‘. (A1)

w + wo

The relevant vibrational modes in Fe on MgO/Ag(100) are the
localized dispersionless in-plane modes of the iron adatom,
which are very soft modes. Therefore, the energy of the local-
ized electronic 3d,, state is much higher, and the self-energy
can be safely approximated as

2
S(w) ~ —A%for ® > w. (A2)

This makes possible to solve the Dyson equation analytically
for the 3d,, orbital,

2

@y
e=¢g + X(e)=¢9— 21—, (A3)
&

and obtain the renormalized energy ¢ in terms of the phonon
energy wy, the A parameter and the unperturbed electron

energy &o:
2
=5 (2]
2 &0

wo 2
~ 80[1 - A(—) ]for leo] > wo. (A4)
&0
Thus, the shift in energy is
wo 2
Ag ~ —eok(—) for |&o| > wo, (AS)
&0

which always moves the energy of the localized state closer
to the Fermi level. This last formula is shown in the main text
in Eq. (9).
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