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Microscopic theory of spin relaxation of a single Fe adatom coupled to substrate vibrations
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Understanding the spin-relaxation mechanism of single adatoms is an essential step towards creating atomic
magnetic memory bits or even qubits. Here, we present an essentially parameter-free theory by combining
ab initio electronic and vibrational properties with the many-body nature of atomic states. Our calculations
account for the millisecond spin lifetime measured recently on Fe adatoms on MgO/Ag(100) and reproduce
the dependence on the number of decoupling layers and the external magnetic field. We show how the atomic
interaction with the environment should be tuned in order to enhance the magnetic stability, and propose a clear
fingerprint for experimentally detecting a localized spin-phonon excitation.

DOI: 10.1103/PhysRevB.107.144417

I. INTRODUCTION

The development of cutting-edge experimental techniques
for manipulating and probing nanostructures has allowed the
study of a large variety of quantum effects at the atomic scale.
In particular, magnetic single adatoms offer an exceptional
scenario to explore spin excitations [1–3], magnetic interac-
tions [4–6], or spin relaxation and decoherence [7–10], among
other phenomena. The control of the underlying physics has
enabled the optimization of their magnetic properties with
potential applications in mind, such as high-density storage
devices or quantum computing [11–14]. Understanding how
adatoms interact with their environment is also essential to
continue designing systems with longer spin-relaxation times
as well as improving their control and manipulation tech-
niques.

The upsurge of inelastic electron tunneling spectro-
scopy [1] has opened the way to access relevant infor-
mation from magnetic excited states [15,16]. In addition,
electron spin resonance combined with scanning tunneling
spectroscopy has provided a boost on energy and spa-
tial resolution, allowing remarkable achievements [14,17–
21]. Several theoretical models have been proposed to cap-
ture the essential physics [22–24], but the physical origin
of the spin transitions is still an open question. In the case
of the long-living magnetic states found in adatoms such as
Ho or Fe on MgO/Ag(100) [8–10], interactions with the envi-
ronment are believed to destabilize the magnetic moments by
inducing transitions between the different spin states. How-
ever, the difficulty of performing first-principles calculations
of spin lifetimes and transitions rates complicates verifying
the origin of the physical mechanisms involved in experimen-
tal measurements.

While the effect of electronic interactions on adatom
properties has been widely studied using first-principles
schemes [16,25–35], much less attention has been paid to the
interaction with substrate vibrations, namely phonons. These
are nevertheless believed to play a key role in the many
experiments that make use of insulating decoupling layers,
such as Cu2N or MgO, which reduce the interaction with
substrate conduction electrons [8,36]. Ab initio calculations of
the spin-phonon coupling have a long track record in the field
of molecular magnets [37–44], but to our knowledge there
are only two studies concerning single adatoms on surfaces:
a study of the temperature-dependent relaxation mechanism
of Ho on MgO/Ag(100) [45] and an initial characterization
of the spin-diagonal electron-phonon interaction of Fe on
MgO/Ag(100) [46].

In this paper, we present a methodology that combines
first-principles density functional theory (DFT) calculations
with an atomic multiplet model for accessing the electron-
phonon spin-relaxation time, with a concrete application to a
single Fe atom on MgO/Ag(100). The DFT calculations allow
an accurate characterization of both the spin-phonon coupling
as well as the hybridization of the adatom with the substrate,
while the atomic model provides the necessary many-body
picture of the atomic electronic states. Our calculations suc-
cessfully account for the millisecond spin lifetime measured
experimentally [9] and reproduce two central trends: the de-
pendence on the number of decoupling layers and the external
magnetic field. We show that the main relaxation channel
involved in the experimental measurements does not corre-
spond to localized vibrations of the adatom, but low-energy
acoustic modes of the substrate. We further propose a means
of experimentally verifying the relaxation mechanism at play
by tuning the external magnetic field to match the energy of
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FIG. 1. Electron DOS projected onto the Fe 3d orbitals when
the adatom is placed 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.

the localized phonon mode, where we predict plateau behavior
of the relaxation time.

II. RESULTS

A. DFT calculations

We have obtained the electronic and vibrational proper-
ties of the Fe/MgO/Ag(100) system by means of relativistic
first-principles DFT calculations as implemented in the SIESTA

code [47,48]. The vibrational frequencies and the potential
induced by the atomic displacements were calculated using
the so-called direct method, employing symmetries to reduce
computational costs, as explained in Ref. [46]. The unit cell
consisted of a 4 × 4 × 1 supercell of a MgO/Ag(100) slab,
with an iron adatom adsorbed on top of an oxygen site. See
Supplemental Material [49] for all the details.

Our DFT calculations predict a magnetic ground state
with a total magnetic moment of 4.06μB, of which 3.97μB

is localized on the iron adatom. It is formed by the Fe 3d
orbitals, of which five majority spins and one minority spin
are occupied. Figure 1 illustrates this with the spin-resolved
projected density of states (PDOS) of the Fe adatom on 3
monolayers (MLs) of MgO. We obtained similar results for
different MgO coverages, the major difference being a larger
hybridization in the case of two MgO layers, mostly in the
spin majority 3dxz/yz, 3dx2−y2 , and 3dz2 orbitals.

Turning next to the vibrational properties, Figure 2 shows
the phonon DOS projected on the iron adatom. There is a
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FIG. 2. Phonon DOS projected onto the Fe adatom deposited on
MgO/Ag(100) for 2–4 MLs of MgO.

doubly degenerate vibrational mode completely localized in
iron at 7.3 meV, which corresponds to an in-plane oscillation
of the adatom with respect to the MgO surface. At higher
energy, in the 12–25 meV range, the multiple modes observed
are related to an out-of-plane motion of the adatom. These
modes show a more pronounced mixing with the substrate, as
can be appreciated from the broadening of the peak.

B. Spin-phonon coupling model

We now describe the coupling between electrons and
phonons. In the basis of one-electron atomic orbitals |ψi〉 with
quantum numbers i = {n, l, m, σ } (n is the principal quantum
number, l the angular momentum, m its projection, and σ

the spin) and using the second-quantization formalism, the
electron-phonon coupling to first order in the atomic displace-
ments is described by [50–52]

Hel.-ph. =
∑

η

Hη

el.-ph. =
∑

i, f ,η

gη

i, f c†
f ci(b

†
η + bη ). (1)

Above, the electron-phonon matrix element gη

i, f determines
the probability amplitude of an atomic state |ψi〉 to be scat-
tered to a state |ψ f 〉 by the emission or absorption of a
phonon η. c† and c (b† and b) are the electron (phonon)
creation and annihilation operators, respectively. In reality, the
atomic orbitals hybridize with the substrate and lose spherical
symmetry. Even so, it is very useful to keep the associated
quantum numbers to be able to perform multiplet calculations
with total angular momentum. We take hybridization into
account by defining new atomic orbitals |ψ̃i〉 by projection of
the DFT spinor wave functions |ψDFT

n 〉,
|ψ̃i〉 =

∑

n

∣∣ψDFT
n

〉 〈
ψDFT

n

∣∣ψi
〉
. (2)

Normalization factors are absent because we only need the
projection of orbitals onto the active DFT-represented sub-
space.

In this way, the electron-phonon matrix elements between
the one-electron atomic orbitals are approximated by

gη

i f = 〈ψ̃i|δVη|ψ̃ f 〉 , (3)

where δVη is the change in the DFT potential caused by a
phonon mode η (a 2 × 2 matrix in spin space). Note that
by computing the matrix elements in this way we are able
to capture the effect of the hybridization between the iron
and the substrate, which varies for different MgO cover-
ages. Therefore, the electron-phonon coupling in the substrate
area is accounted for in this scheme. It is important to
point out that the noncollinear spin structure produced by
the spin-orbit interaction is essential to properly address the
spin-flip mechanism, as spin-orbit coupling is responsible
for connecting electronic states of opposite spin. Therefore,
in this paper we present fully relativistic calculations of
the electron-phonon matrix elements, significantly expanding
upon Ref. [46] where only the spin-diagonal components of
the matrix elements were considered.

In order to incorporate the many-body nature of the
adatom [35], we now consider a multiplet Hamiltonian in
terms of fixed total spin (S) and total orbital angular momen-
tum (L) operators. Starting from the 5D term of an isolated
iron atom with a d6 configuration, the lowest-energy term

144417-2



MICROSCOPIC THEORY OF SPIN RELAXATION OF A … PHYSICAL REVIEW B 107, 144417 (2023)

FIG. 3. Energy level diagram of the five lowest-energy states
of the crystal field Hamiltonian (4). The arrows indicate possible
pathways for the spin-relaxation mechanism, with the first-order or
direct transition pointed out by the black arrow and the overbarrier
transition by the orange arrows.

according to Hund’s rules, the crystal field of the substrate
can be expanded using Stevens operators Ôm

n (L) [49]. In the
case of Fe on top of an O atom of MgO, it is known that the
low-energy levels are well described by

H = B0
2Ô0

2 + B0
4Ô0

4 + B4
4Ô4

4 + λL · S + μB(L + 2S) · B, (4)

where we have used the values B0
2 = −317.43 meV, B0

4 =
−6.58 meV, B4

4 = −4.36 meV, and λ = −12.6 meV provided
in Ref. [53], which were obtained from a point charge model
calculation. The first two terms compose the axial crystal field
(ACF) and the third one the transverse crystal field (TCF). The
fourth term describes the spin-orbit coupling with interaction
strength λ and the last one accounts for the Zeeman term, with
μB the Bohr magneton and B the magnetic field.

Direct diagonalization of the Hamiltonian in Eq. (4) using
the product basis of projections of total spin MS and orbital
angular momenta ML, {|MS, ML〉}, gives rise to the energy
diagram shown in Fig. 3 for an out-of-plane Bz = 5 T mag-
netic field. The solid black arrow indicates the first-order or
direct transition from one spin state to the other. The blurry
arrows represent a cascadelike mechanism, where the spin-
flip transition is realized in a step-by-step process with the
smallest possible change in �MS.

In a many-body theory of the electron-phonon coupling,
we need an approximation for the matrix elements between
multiplet states, Gη

i, f = 〈�i|Hη

el.-ph.|� f 〉. We calculated these
matrix elements by employing the ab initio matrix elements
for one-electron states |ψ̃i〉 and contracting the creation and
annihilation operators of Hel.-ph. in Eq. (1) and the second
quantization representation of the multiplet wave functions
|�i〉. To obtain the multiplets represented in second quan-
tization we have used the expression of the basis states in
second quantization given in Ref. [49]. Finally, the fundamen-
tal Hamiltonian describing the spin-phonon coupling can be
defined as

H =
∑

i

EiC
†
i Ci +

∑

η

ωηb†
ηbη +

∑

i, f ,η

Gη

i f C†
f Ci(b

†
η + bη ).

(5)

The first term describes the Fe multiplet states, with energies
Ei given by Eq. (4). The second term describes the unper-
turbed phonon system and ωη are the frequencies of the lattice
vibrations obtained by the DFT calculations. Finally, the third
term describes the coupling between electrons and phonons.
Even if simple, Eq. (5) comprises the information about the
multiplet nature of the electron states in the Fe adatom and the
ab initio details of the substrate electron and phonon structure.
In fact, this is the main difference of this work in comparison
to Ref. [46]. There only the scattering between one-electron
states was considered, which gives access to the quasiparticle
lifetime of the electronic states, but not the spin-flip lifetime
measured experimentally and considered here.

The time evolution of the adatom coupled with the phonon
bath, represented by Eq. (5), can be described using a master
equation for the density matrix of the adatom multiplet states.
For low temperatures considered in the experimental setup [9]
(kBT ≈ 0.1 meV), it is a good approximation to neglect the
scattering to the higher-energy states |�2〉, |�3〉, and |�4〉,
which we verified by solving the complete master equation.
In this case, the spin dynamics are essentially determined by
the direct transition between the low-energy states |�0〉 and
|�1〉, as indicated by the black arrow in FIG. 3. This leads to
Fermi’s golden rule for the direct transition [49],


1→0 = 2π
∑

η

∣∣Gη

1,0

∣∣2
[2nBE(ωη ) + 1]δ(E1 − E0 − ωη ),

(6)

with the phonon thermal population given by nBE(ωη ).

C. Spin-flip lifetime calculations

Figure 4(a) shows the computed spin-flip lifetime using
the above equation for MgO coverages ranging from 2 to 4
MLs at T = 0 K and Bz = 5 T. The calculated lifetime ranges
between 10 and 50 ms. In the case of 2 MLs, the measured
spin lifetime is believed to be dominated by the electron-hole
pair creation in the substrate [9], which is not included in our
model; it is therefore reasonable that our calculated lifetime
is nearly an order of magnitude larger than the experimentally
measured one. For >2 ML coverages, the calculated lifetimes
are of the same order as the experimentally measured val-
ues [9]. Noteworthily, our calculation shows that the lifetime
due to the spin-phonon coupling does not change drastically
for different coverages, which is also in agreement with the
behavior observed experimentally.

On close inspection, we have found that the contributions
to the multiplet wave functions |�0〉 and |�1〉 from states
|MS, ML〉 = |±2,±2〉 are determinant. This reveals that the
spin-relaxation mechanism is dominated by the overlap of
components with �ML = ±4, in particular the one-electron
dxy and dx2−y2 orbitals shown in FIG. 1. This has important
consequences and means that an effective Hamiltonian of
the form

Heff ∝ L4
+ + L4

− (7)

captures the main characteristics of the spin-phonon coupling
of the Fe adatom. It is worth noting that such |�ML| = 4
transitions can also be induced by exchange interactions with
substrate electrons, as observed by inelastic electron tunneling
spectroscopy [54].
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FIG. 4. (a) Spin lifetime as a function of the MgO coverage. Calculated values (blue) and experimental measurements (orange) from
Ref. [9] are given by dots, while lines are shown as a guide for the eye. (b) Calculated lifetime as a function of the axial crystal field and
transverse crystal field for 3 MLs of MgO. The red dot indicates the crystal field values given in Ref. [53]. (c) Lifetime as a function of the
Zeeman splitting E (left axis) and phonon DOS projected onto the Fe adatom (right axis) for three MgO layers.

Not less important is the observation that if TCF is absent
[B4

4 = 0 on Eq. (4)], the components with �ML = ±4 would
not be mixed on the multiplet wave functions, preventing
the decay of state |�1〉 into |�0〉. To investigate this aspect,
we have computed the spin lifetime varying both the ACF
and the TCF to determine which term influences most the
spin-phonon transition. Figure 4(b) shows that the lifetime
is influenced in orders of magnitude by variations not only
of the TCF, but also of the ACF. Additionally, FIG. 4(b)
reveals that in order to achieve longer spin lifetimes the
ACF should be increased, whereas the TCF should be re-
duced. It is important to point out that the TCF is much
smaller than the ACF [see the parameters of Eq. (4)] and that
FIG. 4(b) shows relative variations of the crystal field param-
eters. However, small changes on the TCF have a much larger
impact on the low-energy spectrum of the adatom shown
in FIG. 3, while variations in the ACF barely influence the
low-energy spectrum. Moreover, as suggested in Ref. [17],
the TCF can be easily modified in experiment, for example,
applying an oscillating bias voltage, which could have a big
impact on the spin-lifetime measurements according to our
results.

Another interesting property that is accessible in our model
is the influence of the magnetic field on the spin lifetime.
Figure 4(c) shows the calculated lifetime (left axis) as a func-
tion of the magnetic field or Zeeman splitting energy. We
observe that for magnetic fields lower than 2 T, the lifetime
increases linearly with the magnetic field, in excellent agree-
ment with previous experimental measurements [55]. This
originates from the decreasing admixture of the states en-
abling �ML = ±4 transitions in the multiplet wave functions
as the magnetic field increases. For this low-energy range,
the main scattering channel are phonons that are delocalized
throughout the entire system. Our calculations indicate that
the displacement of substrate Ag atoms do not contribute
significantly to the scattering, while displacements of MgO
and Fe contribute roughly equally. Interestingly, the lifetime
saturates when the Zeeman splitting increases to match the en-
ergy of the localized in-plane mode of the iron adatom [shown
by the projected phonon DOS in FIG. 4(c)], due to the sharp

increase in the density of available final states for that energy
range. As such localized vibrations are a common feature of
magnetic adatoms, we propose that the experimental detection
of such a plateau in the lifetime of the spin transitions is a
clear way to prove that the spin-phonon coupling is indeed the
primary relaxation mechanism.

III. SUMMARY AND OUTLOOK

In summary, we presented a microscopic theory of the
electron-phonon-induced spin-flip transitions of adatoms on
surfaces, and we applied it to the Fe/MgO/Ag(100) system.
We tackled this challenging problem which typically involves
hundreds of atoms by developing a model that combines the
multiplet structure of the adatom with the ab initio informa-
tion about all the electrons and phonons in the system and
their coupling. Our analysis shows a good qualitative and
order-of-magnitude agreement with available experiments by
Paul et al. [9], which demonstrates that the essential features
of the problem are successfully captured. In particular, we
find that a correct description of the substrate is essential and
that an effective local description of the adatom is insuffi-
cient. Moreover, our model allows us to identify the most
important components of the multiplet states in terms of their
interaction with vibrations, which can help engineer systems
with longer spin-relaxation times. Finally, we propose that a
saturation of the spin lifetime as a function of the applied
magnetic field is a clear fingerprint of a dominant spin-phonon
contribution to the relaxation process, and provides a valu-
able insight for analyzing and understanding experimental
data.
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