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Magnetic stability of Ce and Nd single atom magnets on insulating MgO/Ag(100)
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Surface supported lanthanide single-atom magnets (SAMs) with thermal stability and long magnetic lifetime
offer the possibility for the usage of atomic magnetic data storage. Theoretically identifying the factors that
prohibit the quantum tunneling of magnetization (QTM) and maximize the magnetic anisotropy energy (MAE)
are essential to design novel atomic magnets. The density function theory (DFT), the simulated x-ray absorption,
and magnetic circular dichroism spectra as well as crystal field (CF) model Hamiltonians were employed to
investigate the electronic structure and magnetic properties of early lanthanide adatoms (Ce, Nd) adsorbed on
the MgO/Ag(100) surface. We identified that they can be stably positioned on O atom of MgO surface by strong
ionic bond as well as a certain covalent bond via the hybridization between Ce/Nd-5d with O-2p orbitals. Our
DFT calculations with multiplet simulation reveal that the 4 f occupancies of these adatoms are essentially
identical to that of freestanding atoms. The expectation values of spin/orbital magnetic moments are evaluated
as −0.72/2.86 μB for the ground states |J = 5/2, Jz = ±5/2〉 of Ce adatom, yet almost quenched values for the
ground-state doublet of Nd adatom due to a mixture of |J = 4, Jz = ±4〉 states within equal weights. Although
the QTM between the degenerate ground states is prohibited for Ce@MgO/Ag(100), the spin-flip excitations
from |J = 5/2, Jz = ±5/2〉 ground state to |J = 5/2, Jz = ±3/2〉 first excited state followed by the subsequent
deexcitation reduce the magnetization reversal barrier from Urev = 4.17 meV to 2.87 meV. This energy barrier
still guarantees a long magnetic lifetime estimated to be 239 s at 10 K. For Nd@MgO/Ag(100), direct QTM
between the degenerate states |J = 4, Jz = ±4〉 results in the fast magnetization reversal process without energy
barrier and leads to magnetic instability.

DOI: 10.1103/PhysRevB.107.214444

I. INTRODUCTION

The single-atom magnets (SAMs) provide a promising op-
portunity in realizing the atomic scale data storage of classical
information in quantum spin and miniaturizing the magnetic
storage devices [1–6]. When considering magnetic record-
ing in the quantum limit, the inherent dilemma is keeping
SAMs in one of two stable ground states so as to guaran-
tee a finite magnetic moment and thus magnetic hysteresis
above a certain blocking temperature. The absence of quan-
tum tunneling of magnetization (QTM) is the precondition
for achieving this requirement at zero-applied magnetic field
[5–15]. Even if the two ground states are protected from QTM,
it should be considered how their exchange coupling to the
electrons of the substrate affects their capability to store a
classical bit [11]. In fact, the magnetic stability of the ground
states depends crucially on the key quantity of magnetic
anisotropy energy (MAE), which is conventionally defined as
an “energy barrier” required in switching the magnetization
by the thermally assisted fluctuation. Correspondingly, large
MAE can protect the magnetic moment in a specific orienta-
tion and undoubtedly reduce the probability of spontaneous
reversal of magnetization at high temperature. For quantum
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spins, total zero-field splitting (TZFS) energy between the
highest- and lowest-lying states is regarded as the MAE,
and even more impressively, energy difference between the
ground state and the first excited state is related with the
effective anisotropy barrier Urev for magnetic reversal [4]. This
means that large MAE (TZFS) is not the only necessary con-
dition for stabilizing the magnetic state of SAMs [9], because
the magnetization reversal does not necessarily climb over the
full MAE profile due to the QTM or the spin-flip excitation
transition, i.e., the underbarrier magnetic relaxation pathways
would reduce the MAE to an effective barrier Urev.

Transport pump and probe techniques with spin-polarized
tips permit measuring the spin-relaxation time. In seeking for
the slow-relaxing SAMs, the critical strategy is to maximize
the MAE and at the same time to minimize the underbarrier re-
laxation pathways, namely, the decoupling of magnetic states
from the scattering of the conduction electrons and vibrational
phonon of the substrate [16]. The question of how to integrate
an excellent magnetic adsorbate and compatible substrate in
achieving these objectives has remained a continuing topic.
In early 2003, large orbital moments and giant MAE were
pioneeringly realized for single Co atom deposited on metallic
Pt(111) surface by the x-ray absorption (XAS) and magnetic
circular dichroism spectra (XMCD) measurements [1]. Moti-
vated by the search for elemental adatoms with large MAE,
following theoretical calculations based on density function
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theory (DFT) have implemented a huge enthusiasm on 3d ,
4d , and 5d transition-metal (TM) atoms deposited on non-
magnetic substrate (see Refs. [17–31] and references therein).
With the recent development of single atom spin detection
technologies such as scanning tunneling microscopy (STM)
and inelastic scanning tunneling spectroscopy (ISTS) as well
as local electronic structure and magnetic probe technologies
of XAS and XMCD for a quite low-surface coverage, the
experimental realization and characterization were dominat-
ingly pursued on Fe, Co, Ni adatoms [32–35]. While most TM
SAMs show large local magnetic moments and giant MAEs,
the fundamental problem is the fast QTM in experiments,
because their magnetic ground states are significantly destabi-
lized by the spin-flip scattering with the substrate conduction
electrons [36–39]. Even as thickness of the insulating film are
changed, the observed lifetimes remain short [40]. For exam-
ple, single Co adatom on MgO(100) layer has been revealed
to break the MAE record to show 58 meV, but no magnetic re-
manence has been experimentally detected due to insufficient
amount of time for a fixed magnetic orientation [3].

From the point of view of the magnetic adsorbate, lan-
thanide (Ln) adatoms display a remarkable advantage over
TM adatoms owing to the special characteristic of 4 f elec-
trons: (i) 4 f orbitals are strongly localized (shielded by the
suborbitals 5p66s2) and hybridized weakly with the sub-
strate, making 4 f magnetic moments rarely disturbed by the
conduction electrons and potentially having longer magnetic
relaxation lifetimes [41,42]; (ii) spin-orbital coupling (SOC)
of 4 f electrons is at least an order of magnitude higher than
crystal field (CF) [43], making total angular momentum J
together with its projection Jz be the good quantum numbers,
and consequently strong SOC gives rise to large magnetic
anisotropy splitting of degenerate magnetic states [44]. Since
Urev can be associated with the first excitation energy [45,46],
large energy splitting may give long magnetic relaxation
time in according to Arrhenius-like behavior τ = τ0eUrev/kBT

[9,41,42]; (iii) large uniaxial magnetic anisotropy D possessed
by 4 f -based single ion, on the same argument, demonstrates
the large Urev of Ln atoms in terms of Urev = DJ2 [47,48].
From the point of view of substrate, three decisive factors
can be addressed: (i) a thin insulating layer should be in-
troduced to decouple the interactions of magnetic adatom
from substrate conduction electrons for suppressing the spin-
flip scattering [6,7]; (ii) vibration frequency of high-stiffness
substrate should decouple from the first available spin transi-
tion of magnetic adatoms to hinder the spin-phonon coupling
or the phonon dissipation in the spectral range close to the
spin excitations [5,16]; and (iii) suitable local CF symmetry
should match with the total angular momentum J of adatom
to prevent the direct QTM between the ground state doublet
and the spin-flip transition between the ground state and the
excited states [43]. So far, such a combination to enhance Urev

and to increase magnetic relaxation time has produced some
success. For example, long-lived magnetic quantum states
without QTM were read and wrote on the time scale of 1500 s
at 10 K temperature for Ho atom individually adsorbed on
MgO(100) insulating thin films [5,6,16]. Among the series
of the Ln-based SAMs, the late Ln adatoms on different
thin insulating layers such as Ln@MgO (Ho [5,6,16,49–52],

Gd [53], Dy [10,54,55]), Ln@graphene/Ir(111) (Ln = Sm,
Eu, Dy, Ho, Tb, Er, Tm) [7,9,56–58], Dy@graphene/Cu(111)
[59], Ln@Cu2N/Cu (Ln = Tm, Lu) [60] are being pur-
sued in recent experiments, where the large out-of-plane
magnetic moment, higher MAE and long magnetic lifetimes
were often derived. At the same time, the late Ln adatoms
such as Gd, Er, Ho, Dy, Tm individually deposited on
clean metal/semiconductor solid surfaces attracted a lot of
experimental attention [61–64]. If the ground-state angular
momentum Jz of Ln adatom is compatible with the specific
symmetry of Ln adsorption site, the symmetry will prohibit
the QTM and suppress the substrate-driven relaxation [4]. It
has been found that Ho SAM has Urev = 8 meV excitation
energy and longer lifetime of 729 s, even though the magnetic
ground states (|J = 8, Jz = ±8〉 vs |J = 8, Jz = ±6〉) as well
as the magnetic signature (appearance vs absence of magneti-
zation hysteresis) are an ongoing debate [4,49,61].

In spite of abundant experimental achievements and
proposed phenomenological interpretations in theory, an over-
arching model to capture the essential ingredients causing
magnetization reversal and to explain the magnetic relaxation
of Ln SAMs is insufficient. Firstly, previous studies were
limited to the late Ln adatoms, especially for the depositions
on MgO thin film from the experimental side, and an open
research area should be to expand such studies to the early Ln
adatoms such as Ce and Nd, motivated by Ho adatom being
the first experimentally found SAMs [5]. Understanding the
magnetic stability of whole period Ln adatoms would be help-
ful to design new Ln-based SAMs with even slower magnetic
relaxation. Moreover, the 4 f magnetic moment of an individ-
ual Ce adatom has been sensed by a detector spin at the apex
of a functionalized STM tip but the anisotropy energy with
the favoring magnetization direction is not yet fully known
[65]. In addition, Delgado et al. [11] have found that fun-
damental differences exist between integer and semi-integer
spins for both reading and recording classical information in a
quantized spin, and they pointed out that two magnetic ground
states with opposite magnetization appear only in the case of
semi-integer spins owing to forbidden QTM. Motivated by
these findings, the effect of half-integer J (Ce@MgO) and
integer J (Nd@MgO), together with the symmetry constraint
on QTM and spin-flip transitions, have been comparatively
studied. Typically, we proposed a strategy to achieve stable
magnetization based on the first principles and CF Hamilto-
nian calculations. We combined the SOC-DFT calculation,
multiplet simulation with the CF model Hamiltonian to deter-
mine the spin and orbital magnetic moment, energy spectrum,
magnetic stability, and magnetic relaxation time. The adsorp-
tion site, structural stability, and electronic features are also
explored. We provide a complete and rigorous map of the
combinations of symmetries and total angular momentum to
rationalize the magnetic reversal mechanisms. We show that
the MAEs are in semiquantitative agreement with the TZFS
obtained from the solutions of multiplet simulation and the CF
model Hamiltonians. The organization of this paper is as fol-
lows. In Sec. II, theoretical background for DFT calculations,
multiplet simulation, and CF model calculations are outlined.
We discuss the results in Sec. III. and conclusions are given in
Sec. IV.
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II. THEORETICAL METHOD

A. DFT calculation

We performed the spin-polarization DFT calculations with
Perdew-Burke-Ernzerhof for generalized gradient approxima-
tion (GGA-PBE) [66] as implemented in OpenMX software
[67]. Our formalism was based on the nonorthogonal lin-
ear combination of localized pseudoatomic orbitals (LCPAO)
[68,69]. The radial cutoffs for the pseudoatomic orbitals are
8.0, 6.0, 9.0, and 7.0 a.u. for Ln, O, Mg, and Ag, respec-
tively. The cutoff energy of 450 Ry was used to expand wave
functions in a plane wave basis set. The Monkhorst-Pack
(MP) [70] k-point grids of 7×7×1 was used for the geome-
try optimization and 14×14×1 for the electronic structures
calculation. It is well known that strong correlation effect
of the localized 4 f electron plays a key role in determining
the properties of Ln atoms; however, the conventional DFT
methods cannot deal with the strongly correlated systems
well. This limitation can be solved by introducing Hubbard
parameter U combined with exchange interaction J for the
4 f electrons [71,72]. Here, effective values of Ueff = U − J
confirmed by Larson et al . [73] were employed. The van der
Waals (vdW) interaction described by the DFT-D2 method has
been adopted in structural optimizations since it is important
for the absorption of Ln atoms in MgO films [74]. The atoms
were fully relaxed without any symmetric constrains during
the optimization process. For calculating the spin and orbital
moments and MAE, the SOC was included by performing
GGA+U+vdW+SOC calculations on different magnetiza-
tion orientations. High energy convergence criteria of 10−7

Hartree was set for the self-consistent field procedure and the
maximum residual force on each atom was less than 10−4

Hartree/Bohr.

B. Multiplet simulation

To gain insight into the origin of the remarkable magnetic
stability and MAE, we carried out multiplet simulations using
the MultiX code [75]. The calculations were performed with
the aim of producing the magnetic energy splitting spectrum,
XAS and XMCD spectra. Our multiplet simulation is based
on the CF environment and incidence angle of x-rays on the
magnetic atom. The CF generated by the interaction of Ln
atom with MgO/Ag(100) substrate was modeled with point
charges. For the highly localized 4 f states of Ln atoms, this
description was well justified due to their mainly electrostatic
interaction with the substrate [76]. The sign and values of
point charge represent the deviation from the spherical charge
distributions of each isolated atom around the Ln adatom
[9]. The atomic positions were obtained by DFT calculations
and the strength of atomic charges have made some properly
adjusting. To identify the magnetic easy axis, we implemented
XAS and XMCD simulations at two incident angles, i.e.,
normal incidence angle (θ = 0◦) and grazing incidence angle
(θ = 90◦). All measurements were performed by varying the
energy of the incident x-rays with the M4,5 adsorption edges,
which are 3d → 4 f transitions.

C. CF model calculations

For the Ln adatom, its SOC interaction is much larger com-
pared with the CF interaction, and its magnetic behavior can

FIG. 1. Top view (a) and side view (b) of Ln-adsorbed
MgO/Ag(100). Purple, pink, blue, and gray balls represent Ln, O,
Mg, and Ag atoms, respectively. d1/d2 is the distance from Ln atom
to its nearest neighboring O and Mg atoms, respectively.

be described by the ground multiplet 2S+1LJ [77,78]. The CF
symmetry and strength determined by the adsorption site of
Ln atom would lift the degenerate Jz states and induce a TZFS
in the multiplet. The values of TZFS have the comparable
orders of magnitude with that of MAE for Ln adatom systems,
providing the feasibility method by using CF splitting to esti-
mate the MAE [79]. The general CF model Hamiltonian can
be written using the Stevens operators formalism as [4]

HCF =
∞∑

n=0

(
n∑

k=0

Bk
nOk

n +
n∑

k=1

B̃k
nÕk

n

)
(1)

where Bk
n and B̃k

n are the anisotropy constants called CF pa-
rameters; Stevens operators Ok

n and Õk
n are the polynomials of

order n in terms of Jz, J+, and J−; operator degree n should be
even numbers constrained by the time-reversal symmetry, be-
cause those states with opposite magnetic momentum have the
identical energy when the magnetic field is zero [9]; k is the
operator orders [80]. Note that not all terms in the expansion
will affect the energy levels, as their matrix elements may yet
be zero. For a vertical mirror plane presented by the surface
adsorption, numerical values of Ok

n operators are obtained for
n = 2, 4, . . . , 2J with n � k, while all conjugate operators
B̃k

nÕk
n cancel out each other and will vanish [81]. Three things

should be emphasized by converting the above formula into an
expansion polynomial: (i) the terms with n > 2J will vanish
because the operators only act on the multiplet states within
2J+1; (ii) the terms with n > 2l will vanish, where l is orbital
angular momentum of the open shell of magnetic atom, e.g.,
n is allowed to 6 for 4 f orbital with l = 3 because only n � 6
terms yield nonzero matrix elements; and (iii) k (k � n) is
restricted to be the specific values by the CF symmetry of
adsorption site, e.g., only k = 0, 3 are selected under the C3v

symmetry if we take n = 4 for d orbital, because k should be
differed by multiples of 3 and the values larger than 4 such as
k = 6, 8, · · · are discarded [23,50,82].

For the 4 f -Ln atom individually deposited on MgO surface
within C4v-symmetry, as shown in Fig. 1, we take n = 0,
2, 4, 6 within the largest value of n = 2l = 6 as well as
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k = 0, 4 within the largest value of k = 4, respectively. More
specifically, B0

0O0
0 term can be negligible because it contains

only J that does not contribute the energy splitting. Thus, the
CF model Hamiltonian is specifically expressed as [83]

H4v = B0
2O0

2 + B0
4O0

4 + B0
6O0

6 + B4
4O4

4 + B4
6O4

6. (2)

For a given J , the Steven operators on the states of |J, mj〉
are given by the following formulas:

O0
2|J, mj〉 = [

3J2
z − J (J + 1)

]|J, mj〉,
O0

4|J, mj〉 = [
35J4

z − 30J (J + 1)J2
z + 25J2

z

− 6J (J + 1) + 3J2(J + 1)2
]|J, mj〉,

O0
6|J, mj〉 = [

231J6
z − 315J (J + 1)J4

z + 735J4
z

+ 105J2(J + 1)2J2
z − 525J (J + 1)J2

z

+ 294J2
z − 5J3(J + 1)3 + 40J2(J + 1)2

− 60J (J + 1)
]|J, mj〉,

O4
4|J, mj〉 = 1

2 (J4
+ + J4

−)|J, mj〉
O4

6|J, mj〉 = 1
4 [11J2

z − J (J + 1) − 38](J4
+ + J4

−)

+ (J4
+ + J4

−)[11J2
z − J (J + 1) − 38]|J, mj〉

(3)

with operators

Jz|J, mj〉 = mj |J, mj〉,
Jx|J, mj〉 = 1

2 (J+ + J−)|J, mj〉, (4)

J±|J, mj〉 = √
j( j + 1) − mj (mj ± 1)|J, mj±1〉.

On the one hand, we give some comments for the Hamil-
tonian terms with k = 0. These terms do not mix the |J, mj〉
states, because the unaxial CF operators of O0

2, O0
4, and O0

6
terms contain only powers of Jz and J operators. When these
terms operates on their eigenstates |J, mj〉, they will partially
lift the degeneracy of Jz eigenstates and yield different eigen-
values, giving the TZFS. Note that B0

2 parameter is often
significantly larger than B0

4 and B0
6 parameters, and conse-

quently B0
2O0

2 term will play a dominating role in splitting the
energy levels. Due to the J2

z operator of O0
2 term, a parabola

energy shape would be presented along with the magnetic
quantum number from–mj to +mj . For B0

2 < 0, there is a
pointing downward parabola, which gives the ground-state
doublet within the maximal mj and exhibits an out-of-plane
anisotropy; on the contrary, for B0

2 > 0 the upward parabola
will give the ground state doublet within the minimal mj . The
higher order operators like O0

4 and O0
6 terms would result in

nonmonotonic distribution of Jz energy levels. They would
change the square power relation determined by J2

z operators
of O0

2 term and may potentially lead to the ground-state dou-
blet within the intermediate mj . On the other hand, we should
pay great attention to the Hamiltonian terms with k �= 0 that
contain powers of J+ and J− operators, i.e., the transverse
CF operators O4

4 and O4
6. When these terms operate on the

states |J, mj〉, J+ and J− operators would mix different |J, mj〉
states that have the magnetic quantum differing by multiples
of 4 (�mj = 4). This would result in several classes of new
eigenstates and each class is a linear combination of several

|J, mj〉 states. Therefore, the eigenstates of Hamiltonian are
no longer pure |J, mj〉 states and the magnetic momentum is
often be the expectation values of mj .

Tunneling case. When two eigenstates of the Hamiltonian
have �mj = 4m, the so-called QTM occurs via the role of
transverse O4

4 and O4
6 operators, i.e., they are contributed from

the nonzero matrix elements,

〈Jz = J, mj | O4
4, O4

6 |Jz = J, mj′ 〉 �= 0,

�mj = |mj − mj′ | = 4, 8, 12, 16. (5)

The maximal value �mj between |J, mj〉 and |J, mj′ 〉 eigen-
states depends on the available total angular momentum J
of Ln atom, where the lower J value will give less �mj .
If two ground states meet the requirements of �mj = 4m
(where m is an integer, m = 1, 2, 3, 4) and possess the energy
difference �E , the direct QTM provided by the energy �E of
the tunneling electrons would enable magnetization reversal
and produce two new mixture states with the quenched 〈Jz〉.
This reduces the “ideal” MAE to �E if the scattering from
the conduction electrons cannot be inhibited, and the ground
state is destabilized because a spin reversal to pass through the
“ideal” MAE barrier is not needed.

Spin-flip case. Even if there is no mixing state and no
allowed direct QTM between two ground states, the scattering
events mediated by the exchange interaction to conduction
electrons and phonons of the supporting substrate may yield
the “spin-flip” of excitation transition by considering the se-
lection rules, i.e., linking two ground states together via the
intermediate excitation states. The contribution from nonzero
matrix elements can be obtained via the formula v [84,85],

v = 〈ψ−
J | V̂ |ψ+

J 〉 ,

V̂ = Ĵ · σ̂ = Jzσz + 1
2 (J+σ− + J−σ+), (6)

with

σ+|↓〉 = 2|↑〉,
σ−|↑〉 = 2|↓〉, (7)

σ+|↑〉 = σ−|↓〉 = 0,

where Ĵ and σ̂ represent angular-momentum operator of Ln
atom and spin operator of tunneling electron [4], respectively;
V̂ is the transition operator related to the scattering with a
tunneling electron; J+/J− and σ+/σ− are the ladder opera-
tors of total angular momentum and spin momentum within
J multiplet, respectively. To characterize the interactions of
tunneling electron with localized spin, three necessary matrix
elements 〈ψ−

m | Jz |ψ+
m 〉, 〈ψ−

m | J+ |ψ+
m 〉, 〈ψ−

m | J− |ψ+
m 〉 should

be calculated. If one of three matrix elements is nonzero, a
single electron scattering event may reverse the magnetization
of Ln atom via the excitation transition from |±Jz〉 state to
|Jz ± 1〉 state and then the deexcitation process to |∓Jz〉 state,
causing a complete magnetization reversal. This would open
a new spin relaxation channel via the scattering with the sub-
strate electrons, reducing the magnetization reversal energy
and shortening the spin lifetimes [86]. Otherwise, a single
electron scattering event does not happen and the orientation
of magnetic moment will not be reversed.

Under the electric dipole approximation for the selection
rule, the quantum transitions are induced between both ground
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TABLE I. The Ln-O and Ln-Mg bond length (d1 and d2, Å), displacement of O atom from MgO layer (�h, Å), angles from z axis to Mg
(θMg) and adsorption energy of Ln adatom (Ea, eV). The magnetic ground state and TZFS (MAE, meV) of Ln adatoms under three method
calculations.

System d1 d2 �h θMg Ea 〈Jz〉 = 〈Lz〉 − 〈Sz〉 MAE

Ce (DFT) 2.11 3.50 0.73 143.00◦ 4.26 0.29 = 0.79 − 0.50 4.15
multiplet 2.50 = 2.86 − 0.36 4.27
Hamiltonian 5/2 = 3 − 1/2 4.17
Nd (DFT) 2.30 3.55 0.66 144.88◦ 3.44 0.73 = 1.25 − 1.98 10.91
multiplet 0.004 = 0.005 − 0.001 11.22
Hamiltonian 0 = 0 − 0 11.89

state and excited doublets with differing quantum number of
�mj = 0,±1. When C4v crystal field symmetry is imposed on
the magnetic atom, the indirect QTM between the initial state
|+Jz〉 and final state |−Jz〉 via an intermediate state should
satisfied with the following restrictive condition:

�mj = ±4m,±4m + 1,±4m − 1 (m = 1, 2, 3, 4) (8)

where m is an integer varying between 0 and 2J/4. For the
system with an integer J , as already stated by Eq. (5), the
transitions between initial and final states take place only for
�mj = ±2,±4,±6, and ±8. For the system with a half-
integer J systems, the transitions between any |Jz〉 states are
allowed.

III. RESULTS

A. Ce adatom on MgO/Ag(100)

1. DFT calculations

Our structural optimizations show that Ce atom exactly
stays on O atom instead of Mg atom, as illustrated in Fig. 1.
This preferred adsorption site was commonly reported in the
late Ln (Gd, Dy, Ho) and TM adatoms on MgO/Ag(100)
systems [5,10,26–28,53]. The strong bonding interactions
between O and Ce atoms lead to short Ce-O bond length
of d1 = 2.11 Å and tiny displacement of �h = 0.73 Å
of O atom toward Ce adatom (Table I). Our adsorption
energy Ea = 4.26 eV of Ce atom is significantly larger
than 0.93 eV and 0.50 eV of Cu and Ag atoms on the
same substrate, respectively [31]. Thus, Ce atom can be sta-
bly deposited on MgO layer, indicative of the feasibility of
experimental synthesization under the suitable experimental
conditions.

To illustrate the bonding characters of Ce adatom, we
concerned the deformation charge densities ρ and orbital-
projected density of states (PDOS). From the Figs. 2(a)
and 2(b), we can see that charge density shape is nearly
axisymmetric, where four accumulation lobes (yellow) are
symmetrically surrounded Ce atom and one depletion density
(red) is elongated toward O atom. The former seems to be
the Ce-dxy orbital shape but the latter is Ce-dz2 orbital shape.
From the Figs. 2(c) and 2(d), the morphology of spin density
on Ce adatom is analogous with that of charge density of Ce-
dxy orbital, beside eight small lobes of Ce- fxyz orbital. These
findings indicate some preserved Ce-d electrons, a portion of
which participates in bonding interactions with O atom and
others are unpaired to show magnetic moment. In combination
with the PDOS of Ce atom and its contacting O atom, as

shown in Fig. 3, the remarkable hybridization between Ce-dz2

and O-pz orbital together with weak hybridization between
Ce-dxz/yz and O-px/py orbitals in the energy range −7 eV
to −4 eV verify the yielding of covalent Ce-O bond; spin-
polarized Ce-dz2 and Ce-dxy orbitals around the Fermi (E f )
level indeed contribute to small magnetic moment.

By analyzing the Mulliken charge population, from
Table II, we found that the number of Ce-4 f electrons
is basically unchanged while Ce-5d/6s orbitals gain/loss
−0.61/1.29 electrons compared with freestanding atom. The
Ce intra-atomic transfers render 1.61 |e| in Ce-5d orbitals to
form the covalent Ce-O bonding; Ce-O interatomic transfers
make O atom gets additional −0.74 |e| to form the ionic Ce-O
bonding. Previously, Nd adatom was found to have lost 1.31
|e| 6s electrons on graphene [87], and Gd adtom gains 0.54
|e| 5d electrons on MgO/Ag(100) [53]. With the method of
Bader populations analyses, from the Table S4 within the
Supplemental Material [88], charge values lost by Ce and

FIG. 2. [(a),(b)] Deformation charge densities with isosurface
value 0.01 e/Å3 for Ce@MgO/Ag(100). Yellow and red colors de-
note the charge accumulation and depletion, respectively. [(c),(d)]
Spin density of Ce@MgO/Ag(100) with isosurface value 0.008 e/Å3.
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FIG. 3. PDOS of Ce-5d orbitals and O-2p orbitals. The values of
Ce-5d orbitals are magnified by 4 times for comparisons.

Mg atoms are close to that given by the Mulliken analyses,
but there is a significant difference between two methods for
the charge values gained by O atom. This is related to high
degree of sensitivity to the atomic basis set and the integration
over atomic spheres. We emphasize that the appearance of
5d magnetic moment provides a certain advantage for experi-
mental accessing and controlling of 4 f magnetic states using
spin-dependent transport techniques. The manipulation of 4 f
magnetic state can be enabled by the mediated magnetic mo-
ment of external 5d shell, which is magnetically coupled with
the valence electrons of sensed magnetic atom (interatomic
exchange) and the 4 f magnetic moment of Ce atom itself
(intra-atomic exchange) [58].

The spin and orbital magnetic moments of Ce-4 f elec-
trons were calculated by DFT with the GGA+U+vdW+SOC
method, and the detailed values were listed in Table I. The
obtained μ

4 f
S = 1.00 μB of Ce adatom is essentially identical

to the atomic-like value, while μ
4 f
L = 0.79 μB and resultant

〈Jz〉 = 0.29 are significantly lower than the ideal values of
3 μB and 〈Jz〉 = ±5/2, respectively. The underestimations
of orbital magnetic moment and thus lower 〈Jz〉 value are a
consequence of intrinsic faultiness of DFT+SOC method in
treating the SOC effect as a relativistic perturbation, which
can be improved by introducing the orbital polarization effect
[89]. Nevertheless, we still propose |Jz = ± 5

2 〉 as the ground
state by analyzing the angular dependence of 4 f charge den-
sity in different Jz magnetic states, i.e., the oblate density for
the |Jz = ± 5

2 〉 state vs the prolate density for the |Jz = ± 1
2 〉

TABLE II. The charge transfer among different orbitals obtained
by the Mulliken population analysis (in unit of |e|). Negative/positive
value denotes gaining/losing electrons.

Orbital Ce system Nd system

Ln adatom 4 f 0.00 0.00
5d −0.61 −0.44
6s +1.29 +1.17

O atom 2p −0.74 −0.78
Mg atom 3s +1.80 +1.80

FIG. 4. PDOS of Ce-4 f orbitals. Inset chart is amplified PDOS
around the Fermi level (Ef ) in small energy window.

state [90]. To minimize the electrostatic interaction between
Ce and O atoms, the ligand field of the underlying MgO
substrate will induce an oblate charge density shape of the
Ce-4 fxyz state shown in Figs. 2(c) and 2(d), which leads to
|Jz = ± 5

2 〉 ground state and the out-of-plane MAE. Note that
the spin density of Ce-4 fxyz orbital can be deemed as the
charge density because its occupied electrons are fully polar-
ized.

Our DFT gives the MAE = E[100] − E[001] = 4.15 meV,
which is defined as the total energy difference between [100]
and [001] magnetizations. Since the MAE is determined by
the electron hopping between the occupied and unoccupied
states around the Fermi level (E f ) via the SOC effect, we can
analyze the PDOS of 4 f states based on the second-order per-
turbation theory [91]. The formula of the matrix contributions
can be expressed as

MAE = (ξ )2
∑
o,u

|〈o|̂L̂z |u〉 |2 − | 〈o| L̂x, L̂y |u〉|2
Eu − Eo

(9)

where ξ is the SOC strength, L̂i (i = x, y, z) is the angular
momentum operator, o and u are the occupied and unoccu-
pied electronic states, Eo and Eu are energy levels of the
occupied and unoccupied 4 f states, respectively. If the hop-
ping occurs between the states in the same spin channels
(ou = ↑↑ or ↓↓) but with the same/different magnetic quan-
tum number m (|�m| = 0/1) by the operator of L̂z/L̂x,y,
it gives the positive/negative contributions to out-of-plane
MAE; on the contrary, it gives the opposite contributions
for the hopping of the occupied and unoccupied states in
different spin channels (ou = ↑↓ or ↓↑). From Fig. 4, 4 f
orbitals of Ce adatom are splitted into five groups: fz3 ( f0),
fxz2/yz2 ( f±1), fzx2 ( f+2), fxyz( f−2), and fx3/y3 ( f±3) owing to C4v

symmetry. Since there is basically no occupied spin-down
4 f state, the hoppings between ↓↓, ↑↓, and ↓↑ channels
can be neglected. Furthermore, the peak of Ce-4 fxyz state
is far from the E f within an energy difference about 5 eV,
indicating that it’s contribution to MAE can be ignored.
Upon the close inspection of PDOS around the E f (inset
chart), positive contributions are primarily determined by the
matrix elements 〈m = ±1↑| L̂z |m = ±1↑〉. Although there are
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some negative contributions via 〈m = 0↑| L̂x, L̂y |m = ±1↑〉
matrices, they are relatively small regrading the large energy
difference Eu − Eo between them. The positive contributions
are partially offset by the negative ones, resulting in small net
out-of-plane MAE.

2. Multiplet simulations

To provide a direct access to the energy spectrum and
occupation of Ce quantum states for comparison with the
future experiments, we have performed atomic multiplet sim-
ulations of the experimentally acquired energy level splitting,
XAS and XMCD spectra using the MultiX code [75]. As the
MultiX code uses the effective point charge approach for the
description of the crystal field generated by the interaction
of Ce adatom with the surrounding Mg and O atoms and
it can not treat the 4 f -5d orbital interactions for the Slater
integrals of Hamiltonian, here, we used a pure 4 f configura-
tion instead of a 4 f -5d mixing configuration in the multiplet
simulation. Specifically, if the 5d orbitals are significantly
occupied and strongly polarized, the mixing configuration
may lead to certain alternations of the quantum levels, XAS
and XMCD spectra with respect to the ideal ones that are
contributed by all individual electron shells. By matching
the experimental XMCD signals with the simulated multiplet
spectra using both 4 f n5d0 and 4 f n5d1 configurations of Ln
adatoms, Singha et al. [53] have identified no evidence of un-
paired 5d electrons of Ln adatoms on MgO/Ag(100) surface,
and they established a charge transfer mechanism leading to
an unconventional ionized configuration of Gd(4 f 75d0) and
Ho(4 f 105d0). Such evidences have been quite commonly ob-
served to occur for Ln adatom on ultrathin MgO and graphene
layers on metal surface [58,92]. Although our DFT for Ce
adatom on MgO/Ag(100) gives a residual charge about 1.6
electrons in the 5d orbitals using the Mulliken population
analyses, which is larger than the DFT values of Gd and Ho
adatoms [53], this value is mostly a result of the hybridization
between Ce and MgO states. Note that Singha et al. [53]
have performed the charge analyses with the Löwdin scheme
and Donati et al. [10] have reported that this method give
significantly smaller charge intensities than other methods for
Dy atom on MgO/Ag(100). Hence, our multiplet simulation
with an assumption of pure 4 f configuration may give the
reasonable results.

The planar representation is sketched in Fig. 5(a), and
the atomic position and strength of charges are listed in the
Table III. Our simulated XAS and XMCD spectra in Fig. 6
are characterized by the distinct peaks at 866 eV (M5) and
885 eV (M4), respectively. Both M5 and M4 peaks show a
fine multiplet structure with a narrow peak, whose intensities
are determined by the interactions between the open 4 f and
3d shells at the excited state [93,94]. In the XMCD spectra,
the maximum intensity is proportional to the projection of
total magnetic moment along the beam axis. Thus, higher
intensity in normal with respect to grazing incidence of x rays
indicates an out-of-plane easy magnetization of this system
[5,7,63]. We find no significant difference in the simulated
XAS line shape of Ce adatom in comparison with that of the
freestanding Ce atom [9,93–95]. It reveals the Ce in the f 1

configuration. As a result, the lowest multiplet of Ce adatom

FIG. 5. (a) Planar representation of the charge CF scheme. Pink
and blue marks positive and blue negative charge, respectively, and
size of each circle reflects the amount of charge. (b) Energy levels
with the eigenstates as a function of the expectation value 〈Jz〉 in
multiplet simulations for Ce adatom on MgO/Ag(100).

is characterized by S = 1/2, L = 3, J = 5/2, and multiplicity
of 2J + 1 = 6. Figure 5(b) illustrates the simulated energy
level distribution of Ce adatom in the lowest J = 5/2 mul-
tiplet, indicating the doublet ground states of 〈Jz〉 = ±5/2
with 〈Sz〉 = 0.36 and 〈Lz〉 = 2.86. The simulated out-of-plane
MAEMult = 4.27 meV is in good agreement with DFT calcu-
lation MAEDFT = 4.15 meV. As listed in the Table S5 within
the Supplemental Material [88], we found that the doublet
ground states are separated by 2.27 meV and 4.27 meV from
the 〈Jz〉 = ±3/2 and 〈Jz〉 = ±1/2 excited states, respectively,
giving the Urev = 2.27 meV for the spin-flip excitation. In
Fig. 6(b), the XMCD amplitude is large at normal incidence
(θ = 0◦) compared to grazing incidence, which is the finger-
print of Ce adatom with an out-of-plane easy axis and large
MAE.

3. CF Hamiltonian calculations

Since Ce adatom is exactly localized at C4v symmet-
ric site on MgO/Ag(100) substrate and its 5d6s electrons
dominatingly participate in the bonding interactions, the CF
Hamiltonian (2) can be simplified as the dominant (quadratic)
uniaxial term [65,84],

H = |D|J2
z (10)

where D denotes the lowest-order uniaxial anisotropy constant
and Jz is the z axis component of total angular momentum J .
As the uniaxial operators O0

n in the spin Hamiltonian equa-

TABLE III. The atomic positions and charges in multiplet simu-
lations for Ce@MgO/Ag(100) system.

Element x (Å) y (Å) z (Å) Charge (e)

O 0.00 0.00 −2.11 −0.0145
O 1.50 −1.48 −2.81 0.010
O −1.50 −1.48 −2.81 0.010
O −1.50 1.48 −2.81 0.010
O 1.50 1.48 −2.81 0.010
Mg 0.00 −2.85 −2.69 −0.010
Mg 2.85 0.00 −2.69 −0.010
Mg −2.85 −2.85 −2.69 −0.010
Mg 0.00 2.85 −2.69 −0.010
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FIG. 6. Simulated (a) XAS and (b) XMCD spectra of
Ce@MgO/Ag(100). Red and blue represents normal (θ = 0◦) and
grazing (θ = 90◦) incidence spectra, respectively.

tion (2) commute with the z-projected total moment operator
Ĵz and give the main contribution to the splitting along the out-
of-plane direction, |D| values would determine the TZFS of
the magnetic states. Mapping our DFT obtained MAE(TZFS)
= 4.15 meV and proposed angular momentum 〈Jz〉 = ± 5/2
of the ground states to this Hamiltonian, we derived the uniax-
ial anisotropy constant of |D| = 0.66 meV. This value is very
close to |D| = 0.75 ± 0.03 meV and |D| = 0.86 ± 0.03 meV
for Gd atom on Cu(111) and Pt(111) surfaces through the
fittings of the single spin inelastic electron tunneling spec-
troscopy (IETS) spectra [47]. Since D < 0 and D > 0 indicate
the easy axis perpendicular to the surface plane and in the sur-
face plane, respectively, D = −0.66 meV is the actual value
because of out-of-plane MAE of DFT calculations. In terms
of D=3B0

2 proposed by Kozanecki et al. [23], we estimated
the CF parameter B0

2=−221 µeV for Ce adatom. Using the
obtained uniaxial anisotropy |D|, we can also estimate Urev

(spin-flip energy Es f ) for the spin-flip excitation between
the ground states with Jz = ±J and the first excited states
with Jz = ±(J − 1) via Es f = |D|((J−1)2−J2)=D(2J−1).
According to J = 5/2 and |D| = 0.66 meV, we obtained Urev

= Es f = 2.64 meV, which is very close to 2.27 meV of the
multiplet simulation.

Next, we would like to accurately rationalize the quantum
levels, MAE and Urev for Ce adatom on MgO/Ag(100) via
solving the CF model Hamiltonian of Ce adatom. For the
4 f 1 configuration, the lowest J multiplet is the 2F5/2 term
characterized by L = 3, S = 1/2, J = 5/2, and multiplicity of
2J + 1 = 6. According to Eq. (2), B0

6O0
6 and B4

6O4
6 terms van-

ish because of n � 2J = 5. The Hamiltonian for this system
can be written as

HCe
4v = B0

2O0
2 + B0

4O0
4 + B4

4O4
4. (11)

We defined the [001] crystallographic direction as the
quantization axis z and the [100] direction as the x axis.
Adopting six Jz states |mj = ± 5

2 ,± 3
2 ,± 1

2 〉 as the basis set,
HCe

4v Hamiltonian can be expressed as a (6×6) matrix listed
as Table IV, and the nonzero matrix elements will be calcu-
lated.The parameters A, B, C, D can be given as

A = 10B0
2 + 60B0

4,

B = − 2B0
2 − 180B0

4,

C = − 8B0
2 + 120B0

4,

D = 12
√

5B4
4. (12)

TABLE IV. HCe
4v Hamiltonian matrix.

|Jz = mj〉 | − 5
2 〉 | − 3

2 〉 | − 1
2 〉 | + 1

2 〉 | + 3
2 〉 | + 5

2 〉
〈− 5

2 | A 0 0 0 D 0

〈− 3
2 | 0 B 0 0 0 D

〈− 1
2 | 0 0 C 0 0 0

〈+ 1
2 | 0 0 0 C 0 0

〈+ 3
2 | D 0 0 0 B 0

〈+ 5
2 | 0 D 0 0 0 A

By solving above Hamiltonian equation, in principle, we
can get six eigenstates ψλ

m (m = 1
2 − 5

2 ; λ = +,–) and six
eigenvalues εm± , respectively. For simplicity, we give six
eigenstates in an universal expression, each of which is the
combinations of two Jz states with a quantum number dif-
fering by �mj = 4 due to the fourfold symmetry of ligand
field that Ce adatom suffers. The ψ±

1
2

states are the pure Jz

states because of the maximum/minimum angular momentum
Jz = ± 5

2 ,

ε 5
2

± = A + B

2
+

√(
A − B

2

)2

+ D2,

ε 3
2

± = A + B

2
−

√(
A − B

2

)2

+ D2, (13)

ε 1
2

± = − 8
(
B0

2 − 15B0
4

)
,

ψ+
5
2

=
1∑

w=0

c+
5
2 ,w

∣∣∣∣5

2
− 4w

〉
= c+

5
2 ,0

∣∣∣∣5

2

〉
+ c+

5
2 ,1

∣∣∣∣ − 3

2

〉
,

ψ−
5
2

=
1∑

w=0

c−
5
2 ,w

∣∣∣∣−5

2
+ 4w

〉
= c−

5
2 ,0

∣∣∣∣ − 5

2

〉
+ c−

5
2 ,1

∣∣∣∣3

2

〉
,

ψ+
3
2

=
1∑

w=0

c+
3
2 ,w

∣∣∣∣3

2
− 4w

〉
= c+

3
2 ,0

∣∣∣∣3

2

〉
+ c+

3
2 ,1

∣∣∣∣ − 5

2

〉
,

ψ−
3
2

=
1∑

w=0

c−
3
2 ,w

∣∣∣∣−3

2
+ 4w

〉
= c−

3
2 ,0

∣∣∣∣ − 3

2

〉
+ c−

3
2 ,1

∣∣∣∣5

2

〉
,

ψ+
1
2

=
0∑

w=0

c+
1
2 ,w

∣∣∣∣1

2
− 4w

〉
= c+

1
2 ,0

∣∣∣∣1

2

〉
,

ψ−
1
2

=
0∑

w=0

c−
1
2 ,w

∣∣∣∣−1

2
+ 4w

〉
= c−

1
2 ,0

∣∣∣∣ − 1

2

〉
. (14)

To get the numerical solutions of eigenstates and eigen-
values, firstly, the CF parameters Bk

n should be determined.
Conventionally, these parameters are quite often determined
by matching the energy splitting measured in spin excita-
tion spectra with the CF modeling calculations. By fitting
the energy thresholds for magnetization switching in spin
Hamiltonian calculations with STM experiments, Natterer
et al. [51] have determined B0

2 = −835 µeV, B0
4 = −100

neV, B0
6 = 8.6 neV, B4

4 = 3.7 µeV, and B4
6 = 0 neV for Ho

adatom on MgO(100), and Donati et al. [96] have proposed
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B0
2=−140 ∼ 96 µeV and B0

4=−0.85 ∼ 1.06 µeV for Ho and
Er adatoms on Cu/Pt(111); Baltic et al. [9] have given B0

2
on the order of hundred µeV and B0

4 on the order of several
hundred neV for Ln (Ln = Nd, Tb, Dy, Ho, Er) adatoms on
the graphene/Ir(111) by comparing the measured ISTS spectra
and the energy diagram of magnetic states with the multiplet
calculations. On the other hand, Bk

n can be calculated from the
point charge electrostatic model starting from the interaction
energy of the 4 f electrons with all other ligand charges [97].
In this regard, Miyamachi et al. [4] have theoretically given
the CF parameters of B0

2 = −239 µeV and B0
4 = 86 neV for

Ho atom on Pt(111) surface. Since the CF Hamiltonian can
be expressed in terms of different representations: spherical
harmonics and Stevens operators, different notational con-
ventions of the CF Hamiltonian are related to each other by
equivalence coefficients, i.e., the CF parameters Bk

n can be
calculated by the following expression (Eqs. S1–S10 within
the Supplemental Material [88]):

Bk
n = − qM

4πε0

γnk〈rn〉〈W k
n

〉
〈
Ok

n

〉 (15)

where qM denotes the total charges of magnetic Ln atom,

γnk=
∑J

j=1
4π

(2n+1)
(−1)kY −k

n (θ j ,φ j )

R(n+1)
j

qO/Mg is the numerical factor

that relates with the spherical harmonics and total charges
of O and Mg atoms of the nearest neighbor of Ln adatom,
〈W k

n 〉= ∫ 2π

0

∫ π

0 Y m∗
l (θi, φi )Y k

n (θi, φi )Y m
l (θi, φi ) sin(θi )dθidφi

is the matrix element of the electron angular part for the 4 f
wave function, 〈rn〉=∫ ∞

0 Rni (ri )2rn
i r2

i dri is the expectation
value of the electron radial part for the 4 f wave function, and
〈Ok

n〉 is the expectation value of the CF Hamilton in the form
of Stevens operators.

With the atomic charges and structural parameters ex-
tracted from our DFT calculations, as listed in Tables I and II,
we can calculate numerical values of γnk . Furthermore, 〈Ok

n〉
and 〈W k

n 〉 can be obtained regarding the ground state of
〈J = 5/2, Jz = −5/2| of Ce adatom, and 〈rn〉 can be roughly
derived from the references for the Ln ions in bulk or gas
phases [98]. As a consequence, we derived B0

2 = −227 µeV,
B0

4 = 83 µeV, and B4
4 = −18 µeV (Table S6) as discussed in

the section of crystal parameters in the Supplemental Mate-
rial [88]. However, we should emphasize that our obtained
Mulliken charges and adopted radial integrals 〈rn〉 are only
taken as more realistic estimations: (i) the local charge is not
well defined on the extended surface systems, and it sensi-
tively depends on the calculated methods like the Bader and
Mulliken analyses that give the distinguishable values for Ce
adatom (Table S4 within the Supplemental Material [88]) and
(ii) 〈rn〉 of Ce adatom will not coincide with the ionic limit
and they could be significantly different from those of the
bulk and gas phase ions. Although the point charge electro-
static model has well-known limitation to accurately calculate
the CF parameters Bk

n because of unoptimal 〈rn〉 and charge
distributions [99], it still provides a way to give the theoretical
approximations. Typically, the CF parameter B0

2=−227 µeV
we obtained by using the point charge electrostatic model
is not only very close to B0

2=−221 µeV obtained by using
the simplified CF Hamiltonian, but also approaches to these
reported values for Ln atoms on surfaces [4,9]. However,

TABLE V. Eigenvalues and eigenvectors as well as the expecta-
tion 〈Jz〉 of different magnetic states calculated from the CF model
Hamiltonian HCe

C4v
equation for Ce@MgO/Ag(100) system.

Eigenstate Eigenvalue (meV) 〈Jz〉 Eigenvectors

ϕ1(ψ− 5
2
) −2.35 −5/2 |−5/2〉

ϕ2(ψ+ 5
2
) −2.35 +5/2 |+5/2〉

ϕ3(ψ− 3
2
) 0.52 −3/2 |−3/2〉

ϕ4(ψ+ 5
2
) 0.52 +3/2 |+3/2〉

ϕ5(ψ− 1
2
) 1.82 −1/2 |−1/2〉

ϕ6(ψ+ 1
2
) 1.82 +1/2 |+1/2〉

the energy spectrum obtained by feeding all parameters into
Hamiltonian calculations (Table S7 within the Supplemental
Material [88]) differs greatly from the multiplet simulated
energy spectrum shown in Fig. 5(b). By examining the con-
tributions of B0

2, B0
4, and B4

4 to the energy spectrum, we found
that B0

2 contribution can basically reproduce the simulated
energy spectrum and B4

4 contribution is very small, while
B0

4 contribution makes a significantly change of the energy
spectrum. Regarding the values of B0

2 of Ln adatom on the
order of hundred neV [4,9,51], B0

4 = 83 neV was actually
employed in the calculations.

After getting the CF parameters, we can calculate the
numerical eigenvalues and analytical eigenstates of HCe

4v

Hamiltonian. From the Table V, we found that these eigen-
states are almost pure Jz states, where ψ±

5
2

=|mj = ± 5
2 〉,

ψ±
3
2

=|mj = ± 3
2 〉, and ψ±

1
2

=|mj = ± 1
2 〉 are labeled as ϕ1,2,

ϕ3,4, and ϕ5,6, respectively. These nonmixed states are traced
to near zero matrix elements contributed by the transverse
B4

4O4
4 term. Correspondingly, the resultant eigenvalues are ε±

5/2

= ε1,2 = −2.35 meV, ε±
3/2 = ε3,4 = 0.52 meV, ε±

1/2 = ε5,6 =
1.82 meV, respectively. In Fig. 7(a), we plotted the energy
spectrum for Ce adatom and we can see that six eigenstates
are splitted into three doublet states owing to the CF inter-
action. The CF model Hamiltonian MAECF = 4.17 meV is
consistent with the DFT calculated MAEDFT = 4.15 meV and

FIG. 7. (a) Energy diagram of Ce atom on MgO/Ag(111). (b) En-
ergy levels as a function of the expectation value 〈Jz〉 with the
CF model Hamiltonian HCe

4v calculation. The parabola line indicates
the anisotropy barrier. The relaxation mechanism for magnetization
reversal are illustrated by arrows via the spin-flipped excitation from
Jz = ∓5/2 to Jz = ∓3/2 doublet, namely, from left to right electron-
induced switching or ladder transitions over the effective barrier.
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the multiplet simulated MAEMult= 4.27 meV. The first excited
energy Es f = 2.87 meV from the CF Hamiltonian calculation
is approach to 2.64 meV and 2.27 meV from simplified Hami-
tonian and multiplet simulation, respectively.

Inspection of Jz components of six eigenstates in Eq. (14),
these eigenstates are classified into four classes with respect to
the same mixture of Jz states: {ϕ1, ϕ4}, {ϕ2, ϕ3}, ϕ5, and ϕ6,
which are marked by pink, azure, green, and yellow colors in
the energy level diagram of Fig. 7(b), respectively. We found
the down-turned parabola with the doublet ground states
of |J = 5

2 , mj = ± 5
2 〉 in pink and azure colors, respectively.

Since two degenerate ground states that possess the angular
moments pointing into or out of the surface are belong to
different classes, the direct QTM between them is prohibited
owing to 〈 5

2
±| Jz | 5

2
∓〉 = 0 and 〈 5

2
±| (J4

−, J4
+) | 5

2
∓〉 = 0. This

is consistent with the Kramers theorem for the magnetic ion
with half-integer J [9]. However, the scattering by thermally
activated energy of 2.87 meV enables the spin-flip events from
the ground states |Jz = ± 5

2 〉 to the lowest-lying excited states
|Jz = ± 3

2 〉. As each eigenstate of two lowest-lying excited
eigenstates becomes accessible to mix with the ground state
via the nonzero matrix elements 〈 3

2
±| (J4

−, J4
+) | 5

2
∓〉 �= 0, i.e.,

�mj = ±4 is an integer multiple of 4, it opens the thermally
activated magnetization relaxation channels via the underbar-
rier spin-flip transitions accessible with tunneling electron. On
the whole, the reversal paths involve the spin-flipped excita-
tions from the ground doublet |± 5

2 〉 toward the intermediate
states |± 3

2 〉 by the single electron scattering, and the relaxation
process from |± 3

2 〉 states to the final states |∓ 5
2 〉 with opposite

orientation of the initial one. The decreasing accessible energy
of MAE = 4.17 meV to Urev = 2.87 meV shortcuts the energy
barrier, providing the relatively easy switch from one ground
state to the other via the combination of thermal excitation
and electron scattering. In addition, the phonon-induced tran-
sition is protected by this splitting energy due to the vanished
phonon density of states in low energy range 0 − 25 meV of
MgO layers [5,16].

To describe the magnetization relaxation of a system at
temperature T , the zero-field magnetic lifetime τ can be
quantitatively evaluated exponentially with temperature T fol-
lowing the Arrhenius law: τ = τ0eUrev/kBT , where τ0 is the
characteristic time between two consecutive reversal attempts
and kB is the Boltzmann constant, and spin-flip barrier Urev

is available in aforementioned calculations. As τ0 is primarily
dependent on the phonons and scattering electrons of MgO
substrate, it can be estimated for Ho adatom on MgO/Ag(100)
by using the measured magnetic lifetime of 1586 s at 10 K
and Urev of 4.5 meV [5]. Taking the derived τ0 = 8.56 s
and Urev = 2.87 meV, we calculated the magnetic lifetime Ce
atom on MgO to be 239 s at 10 K. This lifetime is long
enough for the acquisition of a single point in the magnetiza-
tion curves, which may give the magnetic hysteresis in future
measurements.

B. Nd adatom on MgO/Ag(100)

1. DFT calculations

In the comparison of structural parameters between Ce and
Nd adsorptions, from Table I we found that Nd adatom gives

FIG. 8. The PDOS of Nd-5d orbitals and O-2p orbitals. The
values of Nd-5d orbitals are magnified by 4 times for comparisons.

the longer Nd-O bond-length d1 = 2.30 Å and the shorter
displacement of underneath O atom

�
h = 0.66 Å, and thus

smaller adsorption energy Ea = 3.44 eV. Although very simi-
lar behavior is observed in the PDOS of Ce-5d orbital (Fig. 3)
and Nd-5d orbital (Fig. 8), i.e., the hybridization between
Ln-dz2 and O-pz orbitals in the energy range −6 eV to −2 eV
as well as the spin-splitting of Ln-dz2 and Ln-dxy orbitals
around the E f , notwithstanding, the hybridization strength
of Nd adatom is relatively lower due to fewer 5d electrons
(−0.44 |e| from the Mulliken charge population in Table II).
As a result, the feeble Nd5d -O2p hybridizations lead to the
weaker covalent bonding interaction between the Nd adatom
and the underneath O atom in Nd@MgO/Ag(111) system.
By analyzing the deformation charge densities ρ shown in
Figs. 9(a) and 9(b), charge depletion on the bottom of Nd atom

FIG. 9. Same as in Fig. 2 but for Nd adatom.
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FIG. 10. Same as in Fig. 4 but for Nd-4 f orbitals.

(red density) and charge accumulation on the top of O atom
(yellow density) validate the formation of Nd-O ionic bond,
which is also supported by −0.78 |e| charge transfers from
Nd adatom toward O atom, mostly from the outer 6s shell.
Typically, the loss of 1.17 |e| Nd-6s in Nd@MgO/Ag(100) is
approach to previous DFT calculations on Ln (Nd, Gd, Eu)
adatoms that a half of 6s electrons are lost in Ln@graphene
[87]. The adsorption induces a reorganization of the electronic
configuration of 5d6s shell yet not 4 f shell, with some elec-
trons transferred from the 6s orbitals to the intra-atomic 5d
orbital and underneath O atom.

We resolved the magnetism on individual orbital of Nd
adatom based on DFT calculations, and found spin mag-
netic moment μ5d

S = 0.16 μB, μ6s
S = 0.69 μB, μ

4 f
S = 4μB

and orbital magnetic moment of μ
4 f
L = 1.25 μB, respectively.

The spin density in Figs. 9(c) and 9(d) clearly display a
net spin-polarization of the 4 f shell (inner density) and 5d
shell (outer density). Although orbital moment of Nd-4 f elec-
trons is significantly quenched with respect to freestanding
atomic-like value of 6 μB, four 4 f electrons have the spin-up
occupation and consequently 4 f 4 electronic configuration are
still preserved in Nd adatom. Nevertheless, bond formation
distorts the atomic-like 4 f suborbital occupations that are
predicted by the Hund’s rule, quenching the orbital angu-
lar momentum and orbital magnetic moment [1]. The DFT
energy calculations show that Nd system has out-of-plane
MAEDFT = 10.91 meV. To unravel the mechanism determin-
ing the MAE with the filling of Nd-4 f orbital, we can analyze
the PDOS of Nd-4 f orbitals around the E f level. From the
Fig. 10, the electron hopping between the occupied f+2 state
and the unoccupied f−2 states, via the coupling matrix ele-
ment 〈m = +2↑| L̂z |m = −2↑〉, dominatingly contributes to
the out-of-plane MAE. Note that the hopping between the
occupied f0 state and unoccupied f−2 states does not occur
due to |�m| = 2.

2. Multiplet simulation

Based on the atomic position and strength of charges listed
in the Table VI, we simulated XAS spectrum and energy
diagram of Nd adatom. Figure 11(a) shows the XAS spectrum

TABLE VI. The atomic positions and charges in multiplet simu-
lations for Nd@MgO/Ag(100) system.

Element x (Å) y (Å) z (Å) Charge (e)

O 0.00 0.00 −2.11 −0.008
O 1.50 −1.49 −2.80 0.30
O −1.50 −1.49 −2.80 0.30
O −1.49 1.50 −2.80 0.30
O 1.49 1.50 −2.80 0.30
Mg 0.00 −2.86 −2.69 −0.30
Mg 2.86 0.00 −2.69 −0.30
Mg −2.86 −2.86 −2.69 −0.30
Mg 0.00 2.86 −2.69 0.30

of Nd adatom acquired at M5 (959 eV) and M4 (981 eV)
edges in two circular polarizations (θ=0◦, 90◦). The XAS
line shape of Nd adatom adsorbed on MgO/Ag(100) matches
well the experimental one of freestanding Nd atom, verifying
the multiplet ground state of Nd adatom in the 4 f 4 configu-
ration (4 f 4: L = 6, S = 2, J = 4) [93]. For Nd adatom on
the bare graphene monolayer or graphene/Ir(111) substrate,
similar occupation with nearly 4 electrons in 4 f orbitals
has been drawn by comparing the DFT calculation and ex-
perimental measurement [9,100]. With the aforementioned
electronic configuration, analogously, the multiplet simula-
tion gives three groups of degenerate eigenvalues of 0 meV,
4.44 meV, 10.81 meV and three nondegenerate eigenvalues
of 8.91 meV, 9.68 meV, and 11.22 meV, respectively, which
are illustrated as the energy diagram in Fig. 11(b) and listed
in Table S8 within the Supplemental Material [88]. Conse-
quently, we get the deduced MAEMult = 11.22 meV, which
is close to MAEDFT = 10.91 meV. From the Table S8 within
the Supplemental Material [88], we note that a pair of singlet
ground states have the nearly quenched magnetic moment
〈Jz〉 = 〈Lz〉 + 〈Sz〉 = ±0.004. Such tunnel-split doublet sep-
aration strongly reduces Urev to a nearly zero energy and thus
gives the absence of magnetic hysteresis in Nd atoms.

3. CF Hamiltonian calculations

For Nd adatom in the 4 f 4 configuration, its lowest J-
multiplet 5I4 term is characterized by L = 6, S = 2, J = 4,
and multiplicity of 2J+1 = 9. If we take nine Jz states |mj =
±4,±3,±2,±1, 0〉 as the basis set, the CF model Hamilto-
nian (16) can be expressed as a (9×9) matrix (Table VII).
By solving Hamiltonian matrix, we got nine eigenstates ψλ

m
(m = 0 − 4; λ = +,–, 0) and listed them in Eq. (17). Note

FIG. 11. Simulated XAS spectra (a) and energy levels (b) for
Nd@MgO/Ag(100) system.
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TABLE VII. HNd
4v Hamiltonian matrix.

|Jz〉 |−4〉 |−3〉 |−2〉 |−1〉 | 0〉 | + 1〉 | + 2〉 | + 3〉 | + 4〉
〈−4| E 0 0 0 J 0 0 0 0
〈−3| 0 F 0 0 0 K 0 0 0
〈−2| 0 0 G 0 0 0 L 0 0
〈−1| 0 0 0 H 0 0 0 K 0
〈 0| J 0 0 0 I 0 0 0 J
〈+1| 0 K 0 0 0 H 0 0 0
〈+2| 0 0 L 0 0 0 G 0 0
〈+3| 0 0 0 K 0 0 0 F 0
〈+4| 0 0 0 0 J 0 0 0 E

that the parameters E-L in the Hamiltonian matrix were given
in the expressions (18),

HNd
4v = B0

2O0
2 + B0

4O0
4 + B0

6O0
6 + B4

4O4
4 + B4

6O4
6, (16)

ψ+
4 =

2∑
w=0

c+
4,w |4 − 4w〉 = c+

4,0|4〉 + c+
4,1|0〉 + c+

4,2| − 4〉,

ψ−
4 =

2∑
w=0

c−
4,w |−4 + 4w〉 = c−

4,0| − 4〉 + c−
4,1|0〉 + c−

4,2|4〉,

ψ+
3 =

1∑
w=0

c+
3,w |3 − 4w〉 = c+

3,0|3〉 + c+
3,1| − 1〉,

ψ−
3 =

1∑
w=0

c−
3,w |−3 + 4w〉 = c−

3,0| − 3〉 + c−
3,1|1〉,

ψ+
2 =

1∑
w=0

c+
2,w |2 − 4w〉 = c+

2,0|2〉 + c+
2,1| − 2〉,

ψ−
2 =

1∑
w=0

c−
2,w |−2 + 4w〉 = c−

2,0| − 2〉 + c−
2,1|2〉,

ψ+
1 =

1∑
w=0

c+
1,w |1 − 4w〉 = c+

1,0|1〉 + c+
1,1| − 3〉,

ψ−
1 =

1∑
w=0

c−
1,w |−1 + 4w〉 = c−

1,0| − 1〉 + c−
1,1|3〉,

ψ0
0 =

0∑
w=0

c0,w |4w〉 = c0,0|0〉 + c0,1|4〉, (17)

E = 28B0
2 + 840B0

4 + 5040B0
6,

F = 7B0
2 − 1260B0

4 − 21420B0
6,

G = −8B0
2 − 660B0

4 + 27720B0
6,

H = −17B0
2 + 540B0

4 + 1260B0
6,

I = −20B0
2 + 1080B0

4 − 25200B0
6,

J = 12
√

70B4
4 + 360

√
70B4

6,

K = 60
√

7B4
4 − 180

√
7B4

6, L = 180B4
4 − 2520B4

6. (18)

TABLE VIII. Eigenvalues (meV) and eigenvectors as well as the
expectation 〈Jz〉 of different magnetic states calculated from the CF
model Hamiltonian for Nd@MgO/Ag(100) system. Eigenvectors are
described as a supercomposition of Jz states belonging to the lowest
J = 4 multiplet.

Eigenstate Eigenvalues 〈Jz〉 Eigenvectors

ϕ1(ψ−4) −6.81 0 0.71 |−4〉 + 0.71 |+4〉
ϕ2(ψ+4) −6.81 0 0.71 |−4〉 − 0.71 |+4〉
ϕ3(ψ−3) −1.14 −3 |−3〉
ϕ4(ψ+3) −1.14 +3 |+3〉
ϕ5(ψ−2) 1.44 0 0.71 |−2〉 + 0.71 |+2〉
ϕ6(ψ+2) 1.49 0 0.71 |−2〉 − 0.71 |+2〉
ϕ7(ψ−1) 3.95 −1 |−1〉
ϕ8(ψ+1) 3.95 1 |+1〉
ϕ9(ψ0) 5.08 0 |0〉

According to the simplified CF Hamiltonian (10) and
MAEDFT = 10.91 meV, we immediately deduced D =
−0.68 meV, B0

2 = −0.227 meV, and Es f = 4.77 meV, re-
spectively. In terms of the four-fold ligand field, the eigen-
states should be the superpositions of pure Jz state separated
by �Jz = 4. With the derived Bk

n parameters of B0
2 =

−237 µeV, B0
4 = −1.03 µeV, B0

6 = −18 neV, B4
4 = 0.3 µeV,

and B4
6 = 13 neV from the Table S6 within the Supplemental

Material [88], we found that the energy spectrum morphology
and the value of TZFS (MAE = 11.67 meV) are consistent
with the mulitiplet simulated results showed in Fig. 11(b),
but greater value of Es f = 7.61 meV was actually acquired
(Table S9 within the Supplemental Material [88]). To elimi-
nate this difference, B0

4 was scaled by 0.1 and other parameters
remain unchanged. Hence, we obtained the numerical solu-
tions of nine eigenstates in compositions of the Jz states and
labeled them orderly as ϕn (n = 1–9) in Table VIII.

The nondiagonal Stevens operators of B4
4O4

4 and B4
6O4

6
terms give the remarkable mixtures, i.e., |Jz = ±4〉 in the ϕ1,2

eigenstates and |Jz = ±2〉 in ϕ5,6 eigenstates, respectively.
The pairwise-degenerate eigenstates have the symmetric and
antisymmetric function forms within the same superposi-
tions yet the opposite signs at opposite sides of the Jz

barrier. Typically, equal coefficients of superposition Jz in
ϕ1,2 and ϕ5,6 eigenstates lead to the quenched 〈Jz〉=0. Oth-
ers such as ϕ3,4,7,8,9 eigenstates are nearly pure Jz states,
i.e., ϕ3,4=|Jz = ±3〉, ϕ7,8=|Jz = ±1〉, and ϕ9=|Jz = 0〉. In
addition, we derived four groups of degenerate eigenval-
ues and one nondegenerate eigenvalue in Table VIII: ε1,2

= −6.81 meV, ε3,4 = −1.14 meV, ε5 = 1.44 meV, ε6 =
1.49 meV, ε7,8 = 3.95 meV, ε9 = 5.08 meV, respectively.
These findings are consistent with the multiplet simulation
results not only for the superpositions of |Jz = ±4〉 state with
nearly equal weights but also for the energy level distribution.

We plotted the energy spectrum with the correspond-
ing eigenstates in Fig. 12(a), and found that the induced
TZFS = 11.89 meV (“ideal” MAE) are close to that of our
DFT calculations. Concerning the possible QTM among the
eigenstates within �mj = 4m, nine eigenstates were classified
into four classes: ϕ1,2,9, ϕ3,8, ϕ5,6, and ϕ4,7, which are marked
by pink, azure, green, and yellow colors in Fig. 12(b), respec-
tively. The ground states ϕ1,2 and the second excited states
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FIG. 12. Same as in Fig. 7 but for Nd adatom with Hamiltonian
HNd

4v . Four mixture states of ϕ1,2 and ϕ5,6 at 〈Jz〉 = 0 depict the effect
of transverse term B4

4 in mixing Jz = ±4, ±2 components to form
four singlet states with no net magnetization.

ϕ5,6 are particularly delicate as they can be mixed by B4
4O4

4
operators, allowing the direct QTM due to the nonzero matrix
elements 〈Jz = ∓4| (J4

− + J4
+) |Jz = ∓4〉 and 〈Jz = ±2| (J4

− +
J4
+) |Jz = ∓2〉, respectively. Thus, the mixing of |Jz = ∓4〉

produces a doublet states with almost quenched 〈Jz〉 = 0. The
so-called Kondo case [101] would result in fast reversed mag-
netization and poor magnetic stability for Nd@MgO/Ag(100)
system.

IV. CONCLUSIONS

In conclusion, we have employed the DFT method, mul-
tiplet simulation, and CF model Hamiltonians to investigate
the individual Ce and Nd adatoms on thin insulating film
grown on a conductive Ag(100) substrate for their magnetic
stabilities of the ground states by inspecting the magnetic
reversal. By making use of the DFT electronic structure anal-
yses such as the deformation charge density, Mulliken charge
and PDOS, we revealed the origins of MAE, magnetic mo-
ment, and bonding interactions, and found the magnetization

from both the 5d conduction electrons and 4 f moments.
Based on the simulated XAS and XMCD spectrum as well
as the energy diagram of the magnetic states, we determined
the ground-state doublets of pure |J = 5/2, Jz = ±5/2〉 states
and mixing states within |J = 4, Jz = ±4〉 for Ce and Nd
adatom, respectively. The effective magnetization reversal
barrier of 2.87 meV with long magnetic lifetime about 239 s
at 10 K was proposed for Ce adatom, while the poor mag-
netic stability with fast reversed magnetization was predicted
for Nd atom. To outline the strategy achieving stable mag-
netization of Ln adatoms, we highlighted the suitable level
scheme within large Urev barrier and emphasized the QTM and
spin-flip transitions on the dependence of angular momentum
J with the matched CF symmetry. For Ce adatom on MgO
substrate, high adsorption stability and high magnetic stability
with long relaxation time demonstrate that it can possibly be
synthesized and its magnetic ground state is expected to be
read and written in experiments. Our surface-supported Ln
adatoms represent model systems for the quantum magnetic
storage and provide a reference method for future theoretical
developments.
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