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The Impact of Lattice Distortions on the Magnetic Stability 
of Single Atoms: Dy and Ho on BaO(100)
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X-ray magnetic circular dichroism, atomic multiplet simulations, and den-
sity functional theory calculations are employed to identify criteria for the 
optimum combination of supporting alkaline earth oxide and adsorption site 
maximizing the spin lifetimes of lanthanide single-atom magnets. Dy and 
Ho atoms adsorbed on BaO(100) thin films on Pt(100) are characterized and 
compared with previous results for the same two elements on MgO/Ag(100). 
Dy shows hysteresis in magnetic fields up to ≈3.5 T and long spin lifetime, 
exceeding 300 s at 2.5 K and 0.5 T. Dy displays superior magnetic stability 
on the bridge site than on the top-O site. Surprisingly, Ho shows paramag-
netism, as opposed to its long spin lifetime on MgO. These differences origi-
nate from the local surface distortions induced by the adatoms. On MgO, 
minimal distortions involve only the closest O atoms, while, on BaO, they 
affect both the closest anions and cations. This trend reflects the decrease 
of the lattice energy along the series of the alkaline earth oxides, going from 
MgO to BaO. This study represents a step ahead in the understanding of the 
factors determining the spin dynamics of surface-adsorbed single-atom mag-
nets in order to achieve their operation as qubits and memories.
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subject to a crystal field (CF) that lifts the 
degeneracy of the ground multiplet of the 
total angular momentum J. Careful design 
of the CF can result in an energy level 
scheme suitable for atomic-size magnetic 
memories[1–4,7–10,12] or quantum compu-
tation.[13,14] The spin lifetime serves as a 
main indicator of whether a Ln atom can 
be used for magnetic information storage 
or as a magnetic quantum bit. A CF level 
splitting that induces a sufficiently high 
magnetic anisotropy barrier can lead to 
long magnetization lifetimes.[21] Spin 
relaxation mechanisms that shortcut the 
anisotropy barrier are direct or assisted 
quantum tunneling of magnetization 
(QTM), which originate from level mixing 
induced by the finite CF symmetry. 
A perfectly axial CF suppresses QTM 
by retaining the pure character of the 
quantum states and therefore favors long 
spin relaxation times.

Among the whole  Ln series, Dy and Ho 
exhibit the highest magnetic moments and recently have been 
successfully employed as single-atom[1–7,23] and single-ion mag-
nets.[8–11] Most of these systems follow the same strategy: long 
relaxation times are obtained via uni-axial ligand field environ-
ments provided by one or two dominant bonds to the Ln, while 
the other ligands provide a marginal contribution. A family of 
compounds employing this strategy are the diatomic LnO com-
plexes, which have been predicted to exhibit long relaxation 
times for both divalent (4fn) and trivalent (4fn−1) electronic con-
figurations (n = 10 for Dy, n = 11 for Ho).[20–22]

So far, the closest experimental realization of an LnO unit 
is represented by a Ln atom adsorbed at the top-O site of 
MgO(100) thin films grown on Ag(100).[1–6] Indeed, for this 
adsorption site, the trivalent configuration of both Ho and Dy 
shows remarkable magnetic stability. Like MgO, other alkaline 
earth oxides provide a similar CF environment with the dif-
ferent lattice constants, ionicity, and alkaline earth metal elec-
tronegativity as potential parameters to tune the axial vs. trans-
verse components of the CF. These properties, as reflected by 
the lattice energy, vary monotonically along the series of alka-
line earth oxides, with BaO being of special interest since it is 
the furthest from MgO.[24–27]

In this article, we report on the electronic and magnetic 
properties of Dy and Ho single atoms adsorbed on BaO(100) 
thin films grown on Pt(100) single crystals and we compare 
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1. Introduction

Lanthanide (Ln) single atoms were shown to be promising can-
didates for magnetic quantum technology.[1–23] Being placed on 
a single crystal surface or in a coordination complex, they are 
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with previous experiments for the analogous cases on MgO/
Ag(100). The samples were studied with X-ray absorption spec-
troscopy (XAS), XMCD, and X-ray linear dichroism (XLD). Both 
elements exhibit only trivalent electronic configuration. Dy 
adatoms show magnetic hysteresis, while Ho adatoms are para-
magnetic. Combining atomic multiplet simulations and DFT 
calculations, we reveal that both elements adsorb with almost 
identical probability on top-O and on the two bridge sites 
of the BaO unit cell, and that all these different species con-
tribute to the observed magnetic properties. Adatoms induce 
local surface distortions which are specific to both adsorption 
site and alkaline earth oxide. In oxides with large lattice energy, 
like MgO, only the closest O atoms are involved, while in an 
oxide with smaller lattice energy, like BaO, distortions affect 
both the closest anions and cations. Consequently, on BaO, 
adatoms on the top-O site are affected by a strong C4v trans-
verse term resulting in an inverted double-well-shaped energy 
scheme, while a mainly axial  CF is found on MgO. Conversely, 
at bridge sites, local distortions turn out to be advantageous for 
a Kramers ion like Dy, resulting in a higher energy barrier on 
BaO compared to MgO, while strong level mixing is observed 
for the non-Kramers Ho.

2. Results and Discussion

XAS, XMCD, and XLD measurements were performed at the 
EPFL/PSI X-Treme beamline of the Swiss Light Source.[28] We 
investigated the M4,5 edges (3d → 4f transitions) of Dy (Figure 1) 
and Ho (Figure  2) atoms adsorbed on BaO(100) thin films 
grown on Pt(100) to determine the 4f orbital occupation and 
magnetic properties of the adatoms. Our measurements were 
performed on five to eight monolayers (ML) thick highly crys-
talline BaO(100) thin films (see Experimental Section and Sup-
porting Information); no significant differences were observed 
within this thickness range. The spectra were acquired at θ  = 
0° (normal incidence) and θ  = 60° (grazing incidence) angles 
between the photon beam, oriented parallel to the magnetic 
field, and the surface normal. For simplicity of discussion, we 
introduce a Cartesian coordinate system with the z-axis directed 
along the surface normal and the y-axis perpendicular to the 
magnetic field (Figure 1d). From the multiplet structure of the 
XAS and XMCD spectra, we infer a 4f9 electronic configura-
tion of Dy adatoms.[29] The XMCD spectra of Dy atoms on BaO 
acquired at B  = 5.5  T demonstrate a slightly higher intensity 
at grazing than at normal incidence, hinting at easy in-plane 
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Figure 1.  Experimental and simulated a) XAS, b) XMCD, and c) XLD spectra of Dy adatoms (coverage ΘDy = 0.019 ML, Tdep = 2.5 K) on a 5.5 ML thick 
BaO(100) film grown on Pt(100). XAS and XMCD spectra were measured at normal (θ = 0°) and grazing (θ = 60°) incidence (B = 5.5 T); XLD spectra 
were recorded at grazing incidence at B = 0.1 T (green lines) and B = 5.5 T (black lines). The simulated data have been vertically offset for clarity. 
d) Schematic representation of the experimental geometry. e) Magnetization curves measured by acquiring the XMCD signal at 1288.8 eV as a function 
of magnetic field (φ = 5.4 × 10−3 photons nm−2 s−1), | | 33�B =  mT s−1). Dots denote the experimental values; the simulated equilibrium curves are shown 
with solid lines. f) Time evolution of the XMCD intensity at 1288.8 eV measured at grazing incidence and B = −0.5 T after saturation of the sample 
magnetization at B = 4 T. Dots, experimental data; lines, single exponential fits. (purple) φ = 9.2 × 10−4 photons nm−2 s−1, (ocher) φ = 1.4 × 10−3 photons 
nm−2 s−1). Sample temperature is T = 2.5 K for all experimental and simulated curves.
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magnetic anisotropy of the adatom ensemble. We acquired 
magnetization hysteresis curves by measuring the XMCD 
signal at the peak of the M5 edge (1288.8  eV) while sweeping 
the magnetic field between ±6.8  T at the rate of 33  mT s–1 
(Figure  1e). Both normal and grazing magnetization loops 
show a narrow opening, which extends up to about 3.5 T. Such 
hysteretic behavior is a sign of a long spin lifetime τ.[1,5,7] We 
followed the spin relaxation dynamics by saturating the mag-
netization of our sample at B = 4 T and θ = 60°, then sweeping 
the magnetic field down to B = −0.5 T at the maximum possible 
rate of 33  mT  s−1 and measuring the subsequent time evolu-
tion of the XMCD signal (Figure 1f). We find a strong photon-
flux dependent relaxation time with the largest value of ≈300 s. 
This value is a lower bound, the intrinsic relaxation time of the 
system not perturbed by secondary electrons is presumably 
much larger.

Similarly to Dy, also Ho on BaO is found in the trivalent elec-
tronic configuration (4f10), as can be deduced from the shape 
of the XAS and XMCD spectra,[29] see Figure  2a,b. The corre-
sponding XMCD signal reveals no preferential direction for 
the magnetic moment of the adatom ensemble. Surprisingly, 
no signs of hysteresis are observed in the magnetization loops 
(Figure 2d).

The data show a strikingly different magnetic behavior for 
both Dy and Ho on BaO as compared to MgO[1,3] although the 
two surfaces possess several similarities. We combine DFT and 
multiplet calculations to identify the origin of this difference. 
From DFT we obtain the geometries and charge distributions 
of the adsorption complexes (see Supporting Information for 
details about DFT calculations); this information is then used 
to define the CF in the multiplet calculations.

The total energies, relative to the top-O site, for Dy and Ho 
adatoms on BaO(100) and MgO(100), as calculated from the on-
site B3LYP exchange-correlation functional,[30] are reported in 
Table  1. Recent works on the magnetic properties of adatoms 

on thin films of MgO on Ag(100) discuss the role of the metallic 
support.[5,31] In particular, it was shown that Dy adatoms have a 
4f9 configuration, due to transfer of one electron to the metallic 
substrate, only on MgO films thinner than 5–6 ML, while a 4f10 
configuration is observed for thicker MgO films. This implies 
that electron tunneling to the metal support is limited to barrier 
thicknesses smaller than ≈1.2 nm. Our experiments focus on 
Ln adatoms on BaO films with thickness between 5 and 8 ML. 
This corresponds to barrier widths ranging from 1.4 to 2.2 nm, 
i.e., larger than the limit found for MgO, thus excluding charge 
transfer to the metal substrate. Consequently, calculations were 
performed using thick slabs without metallic support. The 
results for MgO(100) are given for comparison. The adsorption 
of Ln on top of the alkaline earth metal atoms, Ba and Mg, is 
highly unfavorable and not discussed further. While on MgO 
the top-O site is clearly preferred, in agreement with previous 
calculations,[32] on BaO the bridge site is found to be very close 
in energy to the top-O site, for both Dy and Ho.

The Dy 4f occupation reveals a tendency toward a triva-
lent configuration on BaO, particularly evident for the bridge 
site, in agreement with our experimental observations. This 
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Figure 2.  Experimental and simulated a) XAS, b) XMCD, and c) XLD spectra of Ho adatoms (coverage ΘHo = 0.009 ML, Tdep = 2.5 K) on a 5.9 ML 
thick BaO(100) film grown on Pt(100). XAS and XMCD spectra were measured at normal (θ = 0°) and grazing (θ = 60°) incidence (B = 5.5 T); XLD 
spectra were recorded at grazing incidence at B = 0.1 T (green lines) and B = 5.5 T (black lines). The simulated data have been vertically offset for 
clarity. d) Magnetization curves measured by acquiring the XMCD signal at 1344 eV as a function of magnetic field (φ = 4.7 × 10−3 photons nm−2 s−1), 
| | 33�B =  mT s−1). Sample temperature is T = 2.5 K for all experimental and simulated curves.

Table 1.  Total energies (in eV) of Dy and Ho on BaO(100) and MgO(100) 
(the values are relative to the top-O site of each system) for the top-O 
and bridge adsorption sites; occupations of the 4f orbital (integrated 
over spheres of radius of 2.4 a.u. centered on the nuclei positions) of the 
Ln adatoms are reported as well.

Energy (eV) n (e−)

System top-O bridge top-O bridge

Dy/BaO 0 0.07 9.56 8.96

Ho/BaO 0 0.03 9.93 9.93

Dy/MgO 0 0.44 9.75 9.77

Ho/MgO 0 0.65 9.93 9.92
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contrasts with the divalent configuration we find on MgO, as 
also reported in a previous study of Dy adatoms on thick MgO 
films.[5] For Ho, DFT finds an occupation close to 4f10 for both 
substrates, in line with our observations on Ho/BaO/Pt(100) 
and with the experiments on Ho/MgO/Ag(100).[1] Because 
XMCD investigates the M4,5 edges (3d → 4f transitions) of the 
Ln atoms, it provides only the occupation of the 4f shell, while 
no information is obtained on the occupation of the spd valence 
shells. DFT helps to fill this gap showing that roughly one elec-
tron moves from the 4f to the 5d shell and that the 6s and 6p 
shells have occupations close to the ones of free-standing atoms 
(see Tables S1 and S2, Supporting Information), corresponding 
to a trivalent configuration. Further, the Bader analysis shows 
that these spd valence electrons are mainly localized at the Ln 
atom, with less than one valence electron transferred to BaO for 
all species (see Tables S3– S6, Supporting Information).
Figure 3 shows 2D isosurfaces of the charge densities for Dy 

adatoms on BaO(100) and MgO(100), for top-O and bridge sites, 
with cross-sections  at the Dy-O-Ba(Mg) and O-Dy-O planes, 
respectively. A striking difference is the structural deforma-
tion produced in the surface plane by Dy adsorption on BaO as 
compared to the minimal distortion seen on MgO, as expected 
based on the different lattice energies of the two oxides. On 
BaO, upon top-O adsorption, the O atom below Dy is pulled 
out of the surface and the next nearest-neighbor Ba atoms 
are laterally pushed away. Similarly, upon bridge adsorption, 
the two O nearest-neighbors are pulled out of the surface and 
simultaneously Dy relaxes toward the surface, thus resulting 

in short Dy-O distances, while the Ba next nearest-neighbors 
are laterally pushed away also in this case. The substrate relaxa-
tion strongly affects the local charge density distribution and 
consequently the CF experienced by the adatom. For top-O, we 
observe a high electron density along the Dy-O bond. In addi-
tion, the Ba displacement toward the O atoms sitting along the 
high symmetry directions produces an electron accumulation 
in the Ba-O bonds, with a concomitant depletion on the oppo-
site Ba side, facing Dy. In first approximation, this charge redis-
tribution can be seen as dipoles forming at the next nearest-
neighbor Ba sites with a positive charge toward Dy. Using the 
same argument, the upward displacement of the O below Dy 
results in a dipole formation also on the Ba below Dy, in the 
first sub-surface plane. A similar situation is observed for the 
bridge site, with the Ba atoms having an excess of negative 
charge in the bonds formed with outer O atoms and an excess 
of positive charge facing Dy. In comparison, the smaller relaxa-
tion induced by Ln adsorption on MgO results in charges local-
ized at the atom centers and only negligible interstitial charges. 
Calculations performed for Ho adsorbed on the two surfaces 
show the same behavior as observed for Dy.

We used this knowledge to perform multiplet calculations 
with the multiX code.[33] We considered both top-O (Lntop) and 
bridge (Lnbr) adsorption sites. In the experiment, the samples 
have been oriented according to the sketch in Figure 4a with 
the external magnetic field in the xz plane (see Supporting 
Information for details on sample orientation). In order to 
reproduce the experimental conditions, two bridge adsorption 
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Figure 3.  2D cross sections of the charge density isosurfaces (isovalue = 0.12 e−Å−3) for Dy adatoms on top-O and bridge sites on BaO(100) (a,b) and 
MgO(100) (c,d). Sketch sizes are scaled according to the oxide lattice constant; sketches for bridge sites are rotated by 45° about the surface normal. 
Sections perpendicular and parallel to the surface plane are given on the left and right sides of each panel, respectively. Perpendicular sections cor-
respond to the plane identified by nuclear positions of Dy, O nearest-neighbor, and Ba(Mg) next nearest-neighbor atoms. Parallel sections correspond 
to the plane through the nuclei of the Ba(Mg) next nearest-neighbor atoms (see white dashed line in each left panel). Black arrows highlight the Ba 
lateral displacement.
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sites, having different alignment with respect to the magnetic 
field orientation for grazing incidence measurements, were 
included in the multiplet calculations. The br-x adsorption site 
has the two nearest O atoms lying along the x axis (Lnbr-x), while 
the br-y one along the y axis (Lnbr-y), see Figure 4a.

MultiX uses effective point charges to compute the CF. The 
choice of positions and values of these charges is a recurring 
problem in such calculations due to the necessity of modeling 
the continuous spatial distribution of real charges with a few 
point-like ones.[34,35] Several models have been proposed in the 
past decades; however, a general strategy is still missing.[36–40] 
In the Dy/MgO case, motivated by the localized nature of the 
charges, the rather intuitive approach consisting in replacing 
the ionic charges provided by DFT by point charges of the 
same intensity and located at the atom centers works quite 
well. Only a scaling factor of 0.8 applied to the quantum level 
scheme is required to get good agreement with the experi-
mental results.[3,5] On the contrary, the strong lattice relaxa-
tion and charge redistribution found by DFT entail a more 
elaborated approach for BaO. Therefore, we used the following 
procedure to construct a realistic CF: 1) the Ln-O interaction, 
leading to high interstitial charges, is described by an effec-
tive charge whose value (qeff) and position (Reff) are given by 
qeff = vLn(εO − εLn)/(NεLn) and Reff = ROεO/(εLn + εO), where vLn is 
the number of electrons in the Ln valence shells, here assumed 
equal to the Bader charge, N the number of nearest O neigh-
bours, RO the Ln-O distance, and εO, Ln the Pauling electron-
egativity of the corresponding element, as proposed in ref. [37]. 
2) The Ln-Ba interaction is represented by an interstitial posi-
tive charge located at the ionic radius of Ba (0.149 nm) along the 
Ln-Ba direction, in order to mimic the dipole formation seen in 
DFT calculations; the value of this positive charge is used as fit 
parameter with the constraint that it can not exceed the Bader 
value. Details about atomic coordinates and Bader charges are 
given in the Supporting Information.

For both Ln adatoms, the top-O adsorption site results in a 
quantum level scheme with a reversed double well shape cor-

responding to a slight out-of-plane anisotropy, while the bridge 
site results in a O-Ln-O easy axis, see Figures 5 and 6. Thus, 
taken individually, none of the adsorption sites can reproduce 
the experimental data. An excellent agreement between meas-
ured and calculated spectra is found with abundances of (40 ± 4)%  
for top-O, and of (30 ± 2)% each for br-x and br-y, as neatly 
exemplified by the angular dependence of the Dy XMCD signal 
at 1288.8 eV shown in Figure 4b. The simulated XAS, XMCD, 
XLD spectra shown in Figure 1a–c, Figure 1e (Dy) and Figure 2 
(Ho) agree perfectly with experiment and thus confirm our CF 
choice. Also the simulated thermodynamic equilibrium mag-
netization curves agree perfectly with the expectation from 
experiment if the system had no kinetic limitations caused by 
the finite magnetic relaxation time. The relative abundances of 
Ln atoms at top-O and bridge sites suggest that atoms landing 
on the highly unfavorable top-Ba sites diffuse with approxi-
mately the same probability to either of those sites. Indeed, 
from the statistics of impact sites (there are two bridge sites, 
one top-O and one top-Ba site per BaO surface unit cell) and in 
the case of equal diffusion probability from top-Ba to top-O and 
bridge, we infer theoretical relative abundances for these sites 
of 37.5% and 62.5%, respectively. These numbers agree within 
the error bars with the fit values and follow the trend found by 
DFT for the adsorption site energies (Table 1). The coexistence 
of Ln atoms at top-O and bridge sites is similar to the case of Ln 
adatoms on MgO, where adsorption on top-O and bridge sites 
was experimentally observed by scanning  tunneling  micro
scopy.[3,5,32] Also for Dy on the SrO termination of SrTiO3 the 
two adsorption sites top-O and bridge coexist.[23]

The magnetic anisotropies and spin lifetimes observed for 
the two Ln elements can be understood with the help of the 
4f quantum level schemes and the ground-state wavefunc-
tions provided by the multiplet calculations for the different 
adsorption sites.

The quantum level schemes for Dytop and Dybr-x projected 
along easy and hard axes are shown in Figure 5. The Dytop 
and Dybr ground-state wavefunctions are given in Table  2. 

Adv. Funct. Mater. 2023, 2213951

Figure 4.  a) Ln adatoms at top-O, br-x, and br-y adsorption sites projected on xz and xy planes; violet arrows indicate the easy magnetization directions 
for the different species. Atoms depicted with lighter colors belong to the row that is shifted by half a lattice constant along the y axis. b) Experimental 
and calculated angular dependence of the XMCD signal at 1288.8 eV normalized to the XAS area (0.014 ML of Dy on 6.2 ML thick BaO, B = 4 T, T = 
2.5 K). Red squares denote the experimental data; the purple solid curve is the calculated weighted average over all species (40% Dytop + 30% Dybr-x + 
30% Dybr-y); blue and orange dashed curves are the calculated contributions of Dytop and Dybr species to the average.
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For Dytop, the C4v symmetric CF mixes states whose Jz differ 
by multiples of 4. The mixing is particularly strong between 

15
2

±  and 1
2

∓ , given their quite small energy separation of 

about 1 meV; this results in a ground doublet composition with 
an almost identical weight of these two states, providing pos-
sible shortcuts for spin reversal. Conversely, the C2v symmetric 
bridge sites have a strong in-plane anisotropy with the max-
imum projection of J along the x axis (Jx) for Dybr-x and along 
the y axis (Jy) for Dybr-y adatoms. The ground doublet is well iso-
lated from the first excited doublet (ΔE = 75 meV); the total bar-
rier is quite high with the states at the top of the barrier mixing 
with higher J multiplets, similarly to the behavior predicted for 
diatomic LnO complexes.[20–22] We predict the top of the bar-
rier at more than 450  meV, a value which largely overcomes 
the ones reported so far, namely 180  meV for Ho/MgO[4] and 
250 meV for Dy/MgO,[3] both on top-O site. As a consequence 
of these strong in-plane easy axes, we find only a negligible pro-
jection of the Dybr spins onto the surface normal direction even 
in high out-of-plane magnetic fields (see the orange dashed line 
in Figure 4b).

The experimentally observed slight in-plane anisotropy for 
the atom ensemble results from the sum of the contributions of 
the different adsorption sites. At normal incidence the XMCD 
signal originates only from Dytop adatoms, as the magnetic 
moments of both Dybr species remain oriented in-plane in our 

experimental conditions. On the contrary, at grazing incidence 
the observed signal is a field-dependent mixture of Dytop and 
Dybr-x contributions. The Dybr-y atoms are inaccessible to XMCD 
in our experimental geometry because their magnetic moment 
always maintains a perpendicular orientation with respect to 
the external magnetic field. They manifest themselves only in 
the XAS and XLD spectra.

From the energy schemes in Figure  5 we also infer a 
longer spin lifetime for Dybr as compared to Dytop. The Dybr 
energy level diagram closely resembles the parabolic schemes 
reported for DyO complexes.[20–22] In all these cases, given 
the almost pure states, spin reversal takes place via the top of 
the barrier. On the contrary, the inverted double well shaped 
energy scheme of Dytop favors spin reversal via thermal-acti-
vated QTM paths.

Experimentally we observe very similar magnetization hys-
teresis at normal and grazing incidence where only Dytop or 
both Dytop and Dybr contribute, respectively, revealing that 
the observed hysteretic magnetic behavior is photon-flux lim-
ited.[1,7,23] This is well exemplified in Figure 1f where τ decreases 
by increasing the photon flux. The τ = 310 ± 50 s reported for 
the lowest flux has then to be considered as a lower limit for the 
intrinsic spin lifetimes. We note that de-magnetization induced 
by spin scattering with secondary electrons generated by the 
X-ray beam is particularly severe in the case of BaO compared 
with similar systems, such as Ho/MgO[1] or Dy/SrTiO3,[23] 

Adv. Funct. Mater. 2023, 2213951

Figure 5.  Quantum level scheme of the ground J multiplet for a,b) Dytop and c,d) Dybr-x atoms on BaO in small (1 µT) and high (5.5 T) magnetic field 
applied along z and x axes. The dashed lines illustrate the energy barriers separating states with opposite spins.
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where similar photon fluxes limited τ to about 1000  s. This 
is a consequence of the X-ray absorption coefficient at the Dy 
M5 edge that for BaO (3.3 µm−1) is more than twice the value 
for MgO at the Ho M5 edge (1.5 µm−1) and ≈3 times the value 
for SrTiO3 (1.1  µm−1).[41] The strong photon induced de-mag-
netization makes it experimentally difficult to systematically 

investigate the flux dependence of the spin lifetime and, thus, 
to evaluate its intrinsic value.

In the Ho case, good agreement with the data requires a 
slight increase of the effective charges of the Ho-O bond in 
the top-O site by about  15%. The quantum level schemes for 
Hotop and Hobr-x projected along easy and hard axes are shown 

Figure 6.  Quantum level scheme of the ground J multiplet for (a,b) Hotop and (c,d) Hobr-x atoms on BaO in small (1 µT) and high (5.5 T) magnetic 
field applied along z and x axes. The dashed line illustrate the energy barriers separating states with opposite spins.

Table 2.  Wavefunction composition of the ground state doublet. Lntop states are expressed in terms of Jz; Lnbr-x and Lnbr-y in terms of Jx and Jy, 
respectively.

Dy

Ji 15
2

− 13
2

− 11
2

− 9
2

− 7
2

−
5
2

− 3
2

− 1
2

− 1
2

3
2

5
2

7
2

9
2

11
2

13
2

15
2

−ψtop 0.655 0 0 0 0.195 0 0 0 0.726 0 0 0 0.064 0 0 0

+ψtop 0 0 0 0.064 0 0 0 0.726 0 0 0 0.195 0 0 0 0.655

−ψbr 0.963 0 0.221 0 0.057 0 0.016 0 0.006 0 0.003 0 0.001 0 0.001 0

+ψbr 0 0.001 0 0.001 0 0.003 0 0.006 0 0.016 0 0.057 0 0.221 0 0.963

Ho

Ji −8 −7 −6 −5 −4 −3 −2 −1 0 1 2 3 4 5 6 7 8

−ψtop 0.624 0 0 0 0.316 0 0 0 0.138 0 0 0 0.316 0 0 0 0.624

+ψtop 0.624 0 0 0 0.316 0 0 0 0.138 0 0 0 0.316 0 0 0 0.624

−ψbr 0.629 0 0.276 0 0.120 0 0.075 0 0.063 0 0.075 0 0.120 0 0.276 0 0.629

+ψbr 0.629 0 0.276 0 0.120 0 0.075 0 0.063 0 0.075 0 0.120 0 0.276 0 0.629
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in Figure 6. The Hotop and Hobr ground-state wavefunctions are 
given in Table 2. The Ho 4f10 electronic configuration leads to 
a J = 8 non-Kramers lowest energy multiplet. The ground state 
doublets of both Hotop and Hobr species are strongly mixed by 
the CF. This mixing, surviving also in presence of magnetic 
field, favors QTM and explains the absence of hysteresis in the 
measured magnetization curves.

Comparing the magnetic behavior of Ho and Dy adatoms on 
BaO with the one previously reported on MgO suggests some 
general rules in the quest for the optimum combination of Ln, 
adsorption site, and supporting alkaline earth oxide leading to 
long spin relaxation time. Dy is in general a better candidate 
than Ho. For the same adsorption site and substrate, Dy 4f9 
shows higher energy barriers than Ho 4f10. In addition, level 
mixing and thus QTM is reduced for the Kramers Dy compared 
to the non-Kramers Ho. Looking for the ideal Ln adsorption 
site, we observe that top-O on BaO, under the assumption of 
an ionic CF, i.e., Bader charges centered on the atom positions, 
would produce quantum level schemes (see Figure 7a,b) quali-
tatively identical to the ones reported for MgO.[1,3–5] However, 
Ln adsorption on BaO, alkaline earth oxide  characterized by a 
smaller lattice energy compared to MgO, produces a local sur-
face distortion involving both the closest anions and cations. 
This distortion strongly affects the CF by introducing negative 

(positive) interstitial charges along the Ln-O (Ln-Ba) direction. 
Figure  7a,b shows that both negative and positive interstitial 
charges have a similar detrimental effect reducing the bar-
rier height by one half. Their combined effect transforms the 
shape of the quantum level scheme from almost parabolic to an 
inverted double well with strong mixing between states on the 
opposite side of the barrier. Curiously, at bridge sites, local sur-
face distortions turn out to be advantageous. For both elements 
we observe higher energy barriers on BaO than on MgO and, 
for Dy, an increased level purity (see Figure  7c,d). The devia-
tion from the ideal half-integer Jx values stems from mixing of 
states on the same side of the energy barrier (see Table 2); thus, 
Dybr on BaO is characterized by a quantum level scheme prone 
to promote very long spin lifetimes.

3. Conclusion

In conclusion, we have investigated the electronic and magnetic 
properties of Dy and Ho atoms adsorbed on BaO thin films 
grown on Pt(100). Both Ln species are found in their bulk elec-
tronic configuration, i.e., 4f9 and 4f10 for Dy and Ho, respectively. 
Dy adatoms show slow magnetic relaxation for magnetic fields 
up to ≈3.5 T; the measured spin lifetime of ≈300 s represents 

Adv. Funct. Mater. 2023, 2213951

Figure 7.  Quantum level schemes of the ground J multiplet for a,c) Dy and b,d) Ho adsorbed on both top-O and bridge sites on BaO generated by 
different sets of point charges. The schemes are calculated along the respective easy axes, in a magnetic field of 1 µT. Data marked with green and 
blue dots are the same as in Figures 5 and 6.

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202213951 by U
niversity M

odena, W
iley O

nline L
ibrary on [27/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

2213951  (9 of 10) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

a lower limit for the intrinsic spin lifetime. On the contrary, 
Ho adatoms show magnetic relaxation faster than our experi-
mental resolution of ≈10  s. A comparison of the experimental 
data with first-principles and multiplet calculations allows us to 
rationalize our observations and the differences with respect to 
the same two elements adsorbed on MgO. On BaO, Ln adatom 
adsorption produces a strong surface distortion affecting the 
closest O and Ba atoms, determining the CF acting on the Ln 
adatom. At the bridge site, Dy is characterized by an almost 
ideal axial CF creating an easy axis along the O-Dy-O direction 
and a barrier height exceeding 0.45 eV. On the contrary, Ho is 
affected by strong state mixing induced by the C2v symmetric 
CF. Top-O species are characterized by an inverted double well 
shaped energy diagram. The C4v symmetric CF causes efficient 
QTM for the J = 8 Ho adatom, while a higher spin stability is 
observed for the Kramers Dy. Differently, on MgO, character-
ized by a larger lattice energy compared to BaO, the local sur-
face distortion affects only the closest O atoms. This results in 
an almost axial CF for the top-O adsorption site, while adatoms 
on bridge sites behave similarly to the BaO case. Our work pro-
vides criteria for selecting those combinations of Ln, adsorp-
tion site, and supporting alkaline earth oxide that achieves the 
longest spin relaxation times.

4. Experimental Section
The Pt(100) single crystal was prepared in situ in the preparation 
chamber of the EPFL/PSI X-Treme beamline at the Swiss Light Source 
by repeated cycles of Ar+ sputtering and annealing at a temperature T ≈ 
1170 K. The BaO(100) thin films were grown in situ by evaporation of Ba 
(Mateck, 99.3% purity) from an effusion cell in an O2 partial pressure of 
1 × 10−6 mbar onto a substrate held at 670 K, with subsequent annealing 
for 30 min at 920  K in UHV (p  ≈ 10−8  mbar). The stoichiometry, 
crystallinity, and thickness of BaO films were characterized by low energy 
electron diffraction (LEED), XAS and XLD (see Supporting Information). 
The BaO thickness was calibrated by the Ba M5 XAS peak intensity. For 
this, one reference sample with a BaO coverage of ≈0.7 ML was grown 
as determined by scanning tunneling microscopy performed in the 
laboratory at EPFL.

Dy and Ho adatoms were deposited from high purity rods (99.9%) 
at T < 5 K and p ≈ 3 × 10−11 mbar, using an e-beam evaporator installed 
on the same cryostat used to perform the XAS measurements. The Ln 
coverage ΘLn is expressed in ML where one ML corresponds to one Ln 
atom per BaO(100) surface unit cell, or equivalently to a surface density 
of 6.5 atoms nm−2.

The X-ray absorption experiments were performed at the EPFL/PSI 
X-Treme beamline at the Swiss Light Source.[28] The measurements were 
carried out in the total-electron-yield mode at T ≈ 2.5 K. The XAS, XMCD, 
and XLD correspond to (σ+ + σ−), (σ+ − σ−), and (σv − σh) respectively, 
where σ+, σ− are the absorption of right-handed and left-handed circularly 
polarized X-rays, and σh, σv the absorption of horizontal and vertical 
linearly polarized X-rays. The background signals were recorded in the 
energy range defined by the Ln M4, 5 edges on clean BaO films prior to 
adatom deposition and subsequently subtracted from the corresponding 
Ln spectra. All spectra have been normalized to the pre-edge signal 
intensity and to the integral over the Ln M5 edge absorption signal.

DFT calculations were carried out by employing the augmented-
plane wave+local orbital method as implemented in the Wien2K code.[42] 
The generalized-gradient approximation (GGA)[43] of the exchange and 
correlation functional was considered for the structural characterization, 
while the electronic structure analysis was obtained by using an on-site 
version of the hybrid B3LYP functional.[30,44] In the authors’ experience, 
this functional is better suited (as compared to the more standard +U 

methods) to achieve the correct 4f occupation in the ground state, which 
is a key issue in elements such as Dy that can attain different valencies. 
Moreover it bypasses the need of the U parameter’s choice which always 
involves a certain degree of arbitrariness, particularly when results for 
different Ln species are compared. Calculations were performed without 
spin-orbit interaction. The electronic occupation on the Ln atoms and 
the analysis of the adatom/substrate charge transfer is performed both 
analyzing the orbital occupations integrated within a sphere centered 
at the Ln nuclei as well as the quantum theory of atoms in molecules 
proposed by Bader.[45] Simulation cells were constructed by considering 
a 2 × 2 in-plane cell periodicity, and a 6 ML thick substrate slab. Vacuum 
space between the slabs replica was included to avoid spurious slab-
slab interaction. The coordinates of the Ln adatoms and of the upper 
two substrate layer atoms were relaxed till residual forces were less than  
1 meV a.u.–1. Further detail on the simulation cells can be found in the 
Supporting Information.

The multiX code was used to perform the multiplet simulations.[33] 
The Slater–Condon integrals were scaled to 75%, core electrons spin-
orbit coupling to 97%, valence electrons spin-orbit coupling to 85%. A 
core–hole lifetime lorentzian broadening of 0.6 eV was used. The point 
charges can be found in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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