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High spin systems, like those that incorporate rare-earth 4f elements (REEs), are increasingly
relevant in many fields. Although research in such systems is sparse, the large Hilbert spaces
they occupy are promising for many applications. In this work, we examine a one-dimensional
linear array of europium (Eu) atoms on a Au(111) surface and study their electronic and magnetic
excitations. Ab initio calculations using VASP with PBE+U are employed to study the structure.
We find Eu atoms to have a net charge when on gold, consistent with a net magnetic momemt
of ≃ 3.5µB . Examining various spin-projection configurations, we can evaluate first and second
neighbor exchange energies in an isotropic Heisenberg model between spin- 7

2
moments to obtain

J1 ≈ −1.2K and J2 ≈ 0.2K for the relaxed-chain atomic separation of a ≈ 5 Å. These parameters
are used to obtain the full spin excitation spectrum of a physically realizable four-atom chain.
The large |J1|/J2 ratio results in a highly degenerate ferromagnetic ground state that is split by a
significant easy plane single ion anisotropy of 0.6 K. Spin-flip excitations are calculated to extract
differential conductance profiles as those obtained by scanning tunneling microscopy techniques. We
uncover interesting behavior of local spin excitations, especially as we track their dispersion with
applied magnetic fields.

I. INTRODUCTION

The study of low dimensional arrays of localized mag-
netic moments, generally referred to as spin chains, is
ubiquitous in physics. The simplicity of such systems
resides only in their spatial dimension, however. The
classical nature of spin chains is complex enough, but
quantum mechanical effects enrich these systems even
more. Many models and experiments have allowed us to
gather information about the magnetic properties of spin
chains, including their ground state and excitations, ther-
mal magnetic properties, and possible phase transitions
[1, 2]. The last decade has also uncovered new exotic phe-
nomena in atomic chains, such as building unique Kondo
configurations [3] or creating Yu-Shiba [4] or Majorana
edge states [5–7] whenever magnetic atoms are placed in
proximity to superconducting substrates. In addition to
the fundamental questions on the behavior of such inter-
esting systems, a great deal of current research is rooted
in technological advancement and possible applications,
including quantum computing, the transmission of quan-
tum information, and sensing [1, 8].

Much of this work, however, has been focused on spin-
1
2 systems, while larger-spin arrays have received much

less attention. We consider here spin- 72 magnetic mo-
ments as those associated with some lanthanide (4f)
atoms. The sorts of challenges and promises that come
with these systems are easily recognized. Their Hilbert
space grows rapidly with increasing site number (chain
or cluster size), making them computationally expensive
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on classical computers. In contrast, these large Hilbert
spaces may provide robust computational bases for quan-
tum computation or information storage and a rich state
manifold for complex dynamical behavior [9, 10].

Scanning tunneling microscopy (STM) is a versa-
tile and powerful tool for imaging atomic clusters or
molecules on metallic surfaces. STM can further manipu-
late individual atoms or molecules on a substrate [11, 12],
allowing the design and construction of spin chains and
clusters with precision, as well as the extraction of single-
atom and collective electronic and magnetic properties
[1, 13]. The theoretical work we present here is moti-
vated in part by these extraordinary capabilities, and it
aims to provide insight into possible experiments on these
deceptively simple structures.

Rare-earth elements are natural physical implemen-
tations of large-spin systems. For example, Gd+3 ions
in GdRh2Si2 are well described experimentally as a
pure spin- 72 system [14]. Dynamic magnetic proper-
ties of core-shell nanowires of such material were stud-
ied using an Ising model [15], while thermodynamic re-
sponse functions were obtained in a three-state Blume-
Capel model [16]. Similarly, magnetic properties of La-
substituted Gd1−xLaxRhIn5 were well characterized us-
ing a 7

2 -Heisenberg model for x ≤ 0.5 [17]. Beautiful
recent experiments exploring lanthanide atoms on thin
insulating layers have been able to modify [18] or measure
[19] the magnetic moment of individual atoms, paving the
way for many fundamental and practical questions using
such systems. In addition, promising systems of rare-
earth molecular complexes have been studied recently
[20].

A wide range of linear array candidates and the means
for onsite manipulation also suggest deeper investigations
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into the realm of quantum information processing. A
carefully tuned spin chain with strongly inhomogeneous
couplings is predicted to exhibit perfect quantum infor-
mation transfer [21]. Likewise, perfect state transmission
over many chain sites was demonstrated in both XY and
Heisenberg systems with local magnetic fields [22]. And,
quantum state transfer with high fidelity was predicted
for large Heisenberg ferromagnetic chains [23]. To accu-
rately substantiate such behavior in future experimental
work, we must accurately obtain model parameters from
a rather complex but experimentally realizable system,
such as high-spin Eu ions on a Au(111) surface.

To explore such realistic systems, we utilize a combi-
nation of theoretical methods. Density functional the-
ory (DFT), an indispensable tool to study the electronic
structure of materials, provides us with the characteris-
tic interactions between rare earth atoms such as Eu, de-
posited on a Au(111) surface. DFT finds a sizable charge
and magnetic moment on each atom, compatible with
spin- 72 , and allows us to extract nearest and next-nearest
neighbor exchange energies in a Heisenberg model. Once
these parameters are established, we explore a more ex-
perimentally realistic structure of an open-ended linear
array of Eu atoms on the gold substrate. The low-energy
magnetic excitation spectrum is obtained by exact diag-
onalization, which allows us to analyze the STM spec-
troscopy for site-specific spin-excitations and their de-
pendence on applied magnetic fields, as well as spatial
correlations of the magnetic moments in the chain. The
high symmetry of such a system results in low-energy
manifolds with interesting magnetic field dependence. As
strong fields cause increasing polarization of an other-
wise singlet ferromagnetic ground state, the field-induced
transitions are accompanied by characteristic changes in
the differential conductance curves. Such behavior can
be easily identified in experiments, providing a direct ap-
proach to the energetics of the system and benchmarking
of system parameters. We also study the role of a possi-
ble non-colinear exchange interaction between magnetic
moments, and how they would affect the differential con-
ductance curves. As the different interactions compete
with one another in defining the excitation spectrum,
they leave signatures that should assist in the full charac-
terization of the overall low-energy dynamics of this rich
spin system.

II. METHODS

A. First principles calculations

Relaxation of a linear chain of Eu atoms on an Au(111)
surface was carried out using the Vienna Ab Initio Simu-
lation Package (VASP) [24]. The valence electrons were
described in terms of Kohn-Sham orbitals, expanded in
a plane-wave basis with an energy cutoff of 500 eV. A Γ-
centered k-point mesh of 8× 8× 1 is used for all calcula-
tions. Atoms were allowed to relax until the net force per

atom was less than 0.01 eV/Å. The supercell was 8× 6,
with three gold layers, as well as a vacuum layer thick-
ness of 20 Å in the z-direction. We have used PBE+U,
with different values for U in Eu: 0, 3 and 7.2 eV. The
electronic structure of Eu is qualitatively the same with
different U values: Spin-up f -bands are fully occupied,
while spin-down are fully empty.
The simulated system supercell has four Eu-atoms on

the gold film with three atomic layers, with adatoms ar-
ranged in a way that make the cell repeat periodically,
as illustrated in the insets of Fig. 1. The bottom gold
layer is kept fixed at the bulk lattice parameters, while
the rest of the structure is allowed to relax. The elec-
tronic projected density of states (PDOS) near the Fermi
level of the system indicates that all Eu ions have a well-
defined magnetic moment (we find µ ≃ 3.5µB) as well
as a Bader charge consistent with a 2+ ion – see Fig. 1.
Figure S1 (see supplement [25]) shows the PDOS of the
same system using the different U values. As mentioned,
increasing the value of U kept the magnetic moment on
Eu unaltered; hereafter, we focus on the U = 7.2 eV case.

FIG. 1. Projected density of states near the Fermi level of
model system for Eu and Au atoms using the PBE+U method
with U = 3 eV (see [25] for other U values). Notice spin po-
larization of the Eu f -orbital. Top inset shows side view of
Eu atom linear chain on the Au(111) surface. Bottom inset
shows top view (two cells) of the system. Supercell has four
Eu atoms and a gold slab with three layers; Eu-Eu average
distance is 5.01 Å; Eu-Au distance is 2.8 Å; interchain sepa-
ration is 17.3 Å.

The formation energy of the system with U = 7.2 eV,
calculated from the difference with separate subsystems:
∆E = E [4Eu on Au(111)] − E [4Eu)] − E [Au(111], yields
∆E = −12.6 eV, suggesting the structure is stable. Com-
paring the energetics of various single Eu atom placement
upon the substrate, we find that Eu adsorbed on the
bridge of the Au atom gives the more favorable configu-
ration. Table I compares different locations on gold for
Eu atom placement. We should also note that the Eu
atoms are not forced to stay in a linear chain. While
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relaxing the system, adatoms show no propensity to de-
form the chain. One notices a slight displacement from
fully on-bridge locations in the final configuration, likely
due to the presence of other Eu atoms.

Eu atom adsorption on Relative energy
different Au(111) sites [eV]

Bridge 0
Hollow HCP 0.2
On top 0.3
Hollow FCC 0.4

TABLE I. Energetics for different Eu-atom adsorption sites
on Au(111) using the PBE+U method with U = 7.2 eV.

Considering different magnetic configurations for the
Eu ions along the chain, we find that the ferromag-
netic configuration has the lowest energy, followed by the
double-period Néel arrangement, while the single-period
Néel has the highest energy, as shown in Table II – U
and D indicate maximal moment projections ± 7

2 , respec-
tively.

Magnetic configuration Total energy difference
∆E [meV]

UDUD 9.92
UUDD 2.89
UUUU 0

TABLE II. Energy differences per unit cell with respect to
the ferromagnetic (UUUU) ground state configuration, for
Eu-ion linear chain on Au(111) using the PBE+U method
with U = 7.2 eV.

B. Heisenberg model

In order to extract effective exchange coupling con-
stants, we consider an isotropic Heisenberg Hamiltonian
and neglect local magnetic anisotropy [1, 13]. The Hamil-
tonian is then

Ĥ =
∑
i<j

ˆ⃗
Si · Jij ·

ˆ⃗
Sj , (1)

where Jij is the full magnetic exchange tensor that cou-
ples different pairs of effective moments. We consider
first and second-nearest-neighbor exchange coupling, so
that the Hamiltonian takes the form

Ĥ12 = J1
∑
⟨ij⟩

ˆ⃗
Si ·

ˆ⃗
Sj + J2

∑
⟨⟨ij⟩⟩

ˆ⃗
Si ·

ˆ⃗
Sj

= J1

(∑
⟨ij⟩

ˆ⃗
Si ·

ˆ⃗
Sj + α

∑
⟨⟨ij⟩⟩

ˆ⃗
Si ·

ˆ⃗
Sj

)
, (2)

where α = J2/J1. Recall that Jij < 0 corresponds
to interacting moments favoring parallel alignment, i.e.
ferromagnetic, and Jij > 0 favors antiparallel (antifer-
romagnetic) alignment. One can estimate the coupling
constants by evaluating the energy of corresponding con-
figurations in Table II. Considering the energy for the
four-atom supercell, one obtains

EF = ⟨UUUU |Ĥ12|UUUU⟩ = 49J1

(
α+ 1

)
EN = ⟨UDUD|Ĥ12|UDUD⟩ = 49J1

(
α− 1

)
EdN = ⟨UUDD|Ĥ12|UUDD⟩ = −49J2 . (3)

The energy difference between different configurations
are then

∆E1 = EN − EF = −98J1

∆E2 = EdN − EF = −49J1(1 + 2α). (4)

These equations, together with the corresponding en-
ergy differences from Table II, allow the determination
of exchange energies, J1 ≃ −0.101meV ≈ −1.2K and
J2 ≃ +0.021meV ≈ 0.2K. (The supplement shows ex-
change couplings as U values change [25].)

It is important to note that rare-earth ions have been
shown to experience appreciable single ion anisotropic
(SIA) fields when adsorbed on coinage metal substrates
[26]. We have carried out HSE+SOC calculations and
find that a single Eu atom on Au(111) has a magnetic
easy plane anisotropy A = 0.05 meV ≈ 0.6 K, so that
the low-energy Hamiltonian for the system is given by

Ĥ0 = J1
∑
⟨ij⟩

ˆ⃗
Si ·

ˆ⃗
Sj + J2

∑
⟨⟨ij⟩⟩

ˆ⃗
Si ·

ˆ⃗
Sj +A

∑
i

(
Ŝ
(z)
i

)2
. (5)

After extracting these parameters from the ab initio
calculations, we employ full diagonalization of the Hamil-
tonian to explore the spin chain system characteristics,
especially its response to external probes. We use QuS-
pin [27], and focus here on an open chain with four Eu
ions on the gold surface. Notice that the Hilbert space for
N sites (magnetic moments) grows as 8N due to the dif-
ferent spin projections, i.e., m = {±7/2, ...,±1/2}. The
N = 4 chain with open boundary conditions allows us
to capitalize on the inversion symmetry of the Hamil-
tonian and attain reasonable computational times. We
can calculate the full magnetic excitation spectrum and
corresponding eigenstates, as we discuss below.

III. MAGNETIC EXCITATIONS AND
SPECTROSCOPY

A. Magnetic excitation spectrum

The large ratio |J1|/J2 ≃ 5 of this system suggests that
the system would exhibit strongly ferromagnetic charac-
ter throughout the low-lying excitation spectrum, with
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only a weak frustration induced by J2. In the presence
of only J1 (taking J2 = A = 0), the ground state has
maximal spin S = 14 and corresponding high degener-
acy (=29). A weak J2 does not change the ground state
degeneracy but reduces the excitation gap to the S = 13
manifold from ≃ 2|J1| to ≃ 0.8|J1| (see [25]). [28]

The presence of SIA in Eq. 5 significantly affects the
degeneracy of the S = 14 ground state, resulting in a non-
degenerate ‘singlet’ (Sz = 0) with ferromagnetic correla-
tions and interesting excitation pattern, as seen in Fig. 2.
The first excited manifold is a degenerate doublet with
Sz = ±1, followed by doublets with successively larger
Sz components, Sz = ±2,±3,±4. The latter is closely
spaced to another singlet (S = 13, Sz = 0) at ≃ 2|J1|
above the ground state. The SIA interaction can be seen
to produce shifts of the successive Sz doublets by an en-
ergy ≃ 1

4AS
2
z ≃ 1

8 |J1|S
2
z – Fig. 2.

FIG. 2. Magnetic excitation spectrum for an open four-
site spin chain of S = 7/2 magnetic moments with nearest
and next-nearest neighbor exchanges, J1 = −0.101 meV and
J2 = 0.021 meV, as well as an SIA contribution, A = 0.05
meV. Ground state is non-degenerate. Inset shows full spec-
tral range. Energies in units of |J1|.

B. STM spectroscopy

The rich structure of the magnetic excitation spectrum
can be explored using different experimental probes. Ide-
ally suited to carry this out is the differential spec-
troscopy technique using STM. By increasing bias voltage
V while the STM tip is placed at different sites along the
chain, one is able to excite different spin configurations
that have a local overlap at that site, which are reflected
in differential conductance features as peaks in d2I/dV 2

versus bias [1, 13, 29]. We can estimate theoretically
what such an experiment will yield by considering the
action of the tunneling electron producing spin-raising
(or lowering) events on the chain [29]. If the experiment
is carried out at low temperatures, the system can be as-
sumed in its ground state |Ψgrnd⟩. As the tunneling elec-

trons go from tip to substrate (or vice versa), they can
raise (S+), lower (S−) or leave unchanged (Sz) the mag-
netic moment of the structure they are tunneling through
[29]. Notice that each tunneling electron can only provide
angular momentum changes of ±ℏ (or 0) on the adsorbed
species, so that higher ‘spin-flips’ require repeated elec-
tron scatterings before relaxation, and correspondingly
higher tunneling currents.
Consider the action of the raising/lower spin opera-

tor on the ground state, (S±
i )n|Ψgrnd⟩ = |ψ±(n)

i ⟩, which
represents a local (on site i) magnetic excitation. This
excitation can be seen as composed from different ex-

cited eigenstates |λ⟩, one can write |ψ±(n)
i ⟩ =

∑
λ b

±
λ |λ⟩.

An example of the effect of successive spin-raising oper-
ator actions (n = 1, ..., 4) on the first atom of the chain
are shown in Fig. 3, as the resulting weights |b±λ |2 are
plotted as a function of the excitation energy λ. The col-
lection of weights provide an ‘excitation weight profile’
for the system, directly related to the differential con-
ductance curves [30]. This profile provides an estimate
of peak-placement and relative intensities for the differ-
ent transitions [31]. As the ground state of the chain is
a non-degenerate Sz = 0 state, successive ‘flips’ caused
by the tunneling electrons can create excitations along
the chain with an overall one-quantum larger or smaller
spin. Larger flips involve higher energy, reflecting the
strong ferromagnetic correlations of the low-energy ex-
citations. This provides distinct spectral signatures, as
seen by the different color curves in the top left inset of
Fig. 3 for different n values, in the case of the spin-raising
operator (S+

i )n. The associated change in current versus
bias voltage as different spin-flip channels open can be
easily identified in experiments [31, 32].
It is interesting to notice that tunneling onto different

sites along the chain may change the differential conduc-
tance signatures. We find that the first and second sites
of the chain have nearly identical spectral yield for low
energy, likely again the result of the highly symmetric
non-degenerate ground state. However, the amplitudes
of various prominent high energy peaks appear much
higher when tunneling onto site 1 [25]. We emphasize
that higher energy excitations would be produced less
likely at low tunneling current, resulting in an overall de-
caying probability envelope for higher energies [31]. Also
note that the spatial inversion symmetry of the chain en-
sures the same results for tunneling onto the fourth and
third sites, correspondingly. Similar behavior is seen for
(S−)n on different sites, as expected for an overall singlet
ground state.
In what follows, we consider the effect of Zeeman fields

on the spectrum of the system, before discussing the
weight profile as function of field.

1. Zeeman field effects

Applying magnetic fields during STM spectroscopy ex-
periments provides a powerful tool to obtain further in-
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SITE 1

FIG. 3. Excitation profile for repeated spin raising on the
first site of the Eu-four-atom chain on its ferromagnetic sin-
glet ground state. Left inset shows contributions to main
panel by successive spin ’flips’ on site 1 – higher n appear at
higher excitation energy. Right inset shows higher energy re-
gion. Weights are displayed using Gaussian broadening with
FWHM≃ 0.02|J1|. All horizontal axes show excitation energy
in units of |J1|.

formation on the system. A small field of hz = 0.1 T
splits degeneracies in the Eu-chain for the low excitation
energy manifolds, as shown in Fig. 4. The field splittings
are linear, as the perturbing Hamiltonian is ĤZ = hzŜz,
associated with the corresponding Sz total-spin projec-
tion of each state, so that the full Hamiltonian is

Ĥ = Ĥ0 + hz
∑
i

Ŝ
(z)
i , (6)

with Ĥ0 in Eq. 5. The field dependence of the low-energy
excitation spectrum is displayed in Fig. 5. The ground
state of the chain is polarized from Sz = 0 to −1 at
hz ≳ 0.2T, with decreasing Sz projection as hz increases
(to Sz = −2 at ≈ 0.6 T, etc.).

To explore the role of the Zeeman field on the differ-
ential conductance features, we calculate the excitation
weight profile on the first and second sites of the chain as
a function of field. As seen in the spectrum, the Zeeman
coupling results in clear shifts with increasing field, as
well as successive transitions to ever increasing |Sz| pro-
jection reflected well in the excitation weight profile. Fig-
ure 6a and b, show profiles for single-scattering/tunneling
events for site 1 and 2, respectively. We see that the
low-energy profiles for the different site excitations are
rather similar, although much weaker peaks at higher en-
ergy/bias are seen on site 2–this reflects the different en-
vironment of the two sites, which pin site 2 more strongly
onto ferromagnetic order with the chain. For complete-
ness, excitation weight profiles for higher-order scattering
events are shown in [25, 31].

FIG. 4. Energy excitation spectrum for the four-site spin
chain with Zeeman field hz = 0.1 T. Notice slight splitting of
degenerate multiplets, as compared with those in Fig. 2.

FIG. 5. Low-lying eigenstates for increasing applied Zeeman
field. The ground state is polarized at increasing field from
Sz = 0 to −1, −2, etc. at hz ≃ 0.2, 0.6, etc. Main panel
shows lowest excitation energies. Inset shows linear splitting
of different states, illustrating their Sz projection, and tangent
to a curved lower bound, i.e., the ground state.

2. Non-collinear exchange effects

It is reasonable to expect a Dzyaloshinskii-Moriya in-
teraction (DMI) may also appear in the spin system due
to the strong Rashba spin-orbit effect measured on the
gold surface [33]. This interaction results in the anti-

symmetric Hamiltonian HDMI =
∑

ij D⃗ · ˆ⃗Si ×
ˆ⃗
Sj , that

can qualitatively change the ground state configuration
as well as the rest of the excitation spectrum [34–36]. To
assess its effect on STM spectroscopy, we consider the

likely dominant z-component of the DMI vector D⃗. The
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(a)

(b)

FIG. 6. Heatmap of excitation weight profile (≃ differ-
ential conductance signatures) for increasing Zeeman field
strength and corresponding energy (bias). We show I =
2|bz|2 + |b+|2 + |b−|2 to account for all different scattering
processes for tunneling electrons as the energy/bias increases.
Results for tunneling through (a) first and (b) second site.
Tunneling through the second site produces weaker inten-
sities, especially at higher energy excitations and stronger
fields, as seen in (b).

full Hamiltonian then is

Ĥ = ĤEq. 6 +
iDz

2

∑
⟨ij⟩

(
Ŝ+
i Ŝ

−
j − Ŝ+

j Ŝ
−
i

)
. (7)

Figure 7 displays the resulting spectrum with Dz =
0.1|J1| = 0.01 meV, showing that the ground state re-
mains non-degenerate, while the excitation doublets are
split more strongly the larger their |Sz| values – notice
that the ±Sz degeneracies in the spectrum remain. Fig-
ure 8 shows how the excitation spectrum changes for
larger Dz values, shifting all energies down as Dz in-
creases, splitting degenerate manifolds, and producing
some level crossings at high energy in the excitation spec-
trum with Dz (main panel).

We calculate the excitation weight profile as a function
of Zeeman field for the system in Fig. 7, with field de-
pendence shown in Fig. 9. Notice that the successively

FIG. 7. Low energy and (inset) full excitation spectrum for
the four-site spin chain with hz = 0 and Dz = 0.1|J1|. Com-
pare with Fig. 2.

FIG. 8. Main panel shows excitations for Eu-chain as Dz

increases. Inset shows corresponding low-lying excitations,
all for hz = 0.

increasing polarization of the ground state appears here
as well at lower Zeeman field strength. However, the
Sz = 0 state in the second excitation manifold shifts
from ≃ 1.8|J1| (Fig. 5) to about 2|J1| for this Dz value.
These shifts produce a general rightward bias (upward
in energy) shift in the prominent peaks of the weight
profiles in Fig. 10. Without DMI, these peaks begin at
zero-field near ∆E ≃ 1.8|J1| and ≃ 3.7|J1|; with DMI,
they shift to start ∆E ≃ 2 and ≃ 4|J1|, and the single-
tunneling events at higher energy are somewhat stronger.
In this case (not shown), tunneling through site 2 pro-
duces essentially the same differential conductance pro-
file, indicating that the DMI interaction has reduced the
site asymmetry, as one would expect.
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FIG. 9. Low-lying eigenstates for increasing applied Zeeman
field and Dz = 0.1|J1| for the system of Fig. 2.

FIG. 10. Heatmap of excitation weight profile for increasing
Zeeman field and corresponding energy (bias) for the system
with Dz = 0.1|J1| in Fig. 9. We plot I = 2|bz|2 + |b+|2 +
|b−|2 to account for different scattering processes for tunneling
electrons. Results for tunneling through first site.

IV. CONCLUSIONS

The advent of atomic-site manipulation via STM has
heralded a new era of materials science and engineering.
One can not only design quantum systems, but precisely
assemble them and measure their electronic and magnetic
characteristics at the level of a single atom or molecular
entity. Spin chains, with a great history of deep insights
into the physics of interacting systems, garner ever in-
creasing interest as they naturally interface with growing
fields of quantum information transmission, computing,
and sensing. Our proposal to assemble large-spin sys-
tems to highlight their rich behavior has focused on a
four-atom chain of effective Eu2+ ions on a Au(111) sur-
face. First principles calculations of realistic systems al-
low us to extract magnetic excitation spectra and result-
ing differential conductance profiles with site-specific ex-
citations. Experimental realization of this system would
provide us with the interesting opportunity of not only
benchmarking our model and specific exchange parame-
ters, but would be the next step in exploring quantum
information transfer down long chains.
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K. Palotás, L. Szunyogh, M. Thorwart, and R. Wiesen-
danger, Toward tailoring Majorana bound states in ar-
tificially constructed magnetic atom chains on elemental
superconductors, Sci. Adv. 4, eaar5251 (2018).

[8] C. D. Bruzewicz, J. Chiaverini, R. McConnell, and J. M.
Sage, Trapped-ion quantum computing: Progress and
challenges, Appl. Phys. Rev. 6, 021314 (2019).
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