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Complementary experimental data

STO(001) crystals characterization
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Figure S1: (a) LEED pattern of the clean and ordered Nb:SrTiO3(001) surface taken at an
electron beam energy of 90 eV. (b,c) XAS (top) and XLD (bottom) spectra of the STO(001)
surface, measured at the (b) Ti L2,3 edges and (c) O K edge, at a temperature T =2.5K
and a magnetic field B=0.1T, at grazing incidence (θ=60 ◦). (d) LEED pattern of the
reconstructed Nb:SrTiO3(001) surface taken at an electron beam energy of 94 eV.

Fig. S1a shows the 1×1 Low Energy Electron Diffraction (LEED) pattern of the clean

Nb:SrTiO3(001) surface, following the preparation discussed in the Methods section. The

sharp squared pattern, with the edges of the square aligned along the x and y axes, indi-

cates that the surface is well ordered following the cubic structure of bulk STO, with no

reconstruction. The crystals used in the XAS experiments were all oriented like in Fig. S1a,

with x-ray beam and magnetic field aligned along the z axis (i. e. perpendicular to the plane

of the figure) at normal incidence (θ=0 ◦), and within the xz plane at grazing incidence

(θ=60 ◦). As shown in Figs. S1b and c, we observe sizable XLD both at the Ti L2,3 and at
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the O K edge, at T =2.5K, respectively. This arises from the anisotropy of the Ti 3d and

of the O 2p orbitals within the almost cubic structure of STO at low temperatures.

An alternative preparation method was tested, which was reported to lead to a fully

TiO2-terminated surface.1 Following this procedure, the as-received STO(001) crystals were

first etched in a buffered solution of hydrofluoric acid (HF) for 30 s, then annealed in air at

1223K for 1 hour. The samples were successively inserted in our UHV surface preparation

chamber, where residual surface contamination was removed by annealing in O2 atmosphere

(partial pressure of p = 2 × 10−6mbar) in two steps: first at 1023K for 30 minutes and

then at 1108K for further 30 minutes. After cooldown to room temperature, LEED patterns

were recorded at several electron beam energies, resulting in a reconstructed surface, with

a coexistence of the previously reported p(2×1) and c(6×2) reconstructions,2–4 as shown in

Fig. S1d. As the coexistence of two reconstructions and the lack of knowledge of the precise

atomic arrangement within the reconstructed surface would prevent us from determining

the possible adsorption sites and the corresponding crystal field acting on the rare-earth

adatoms, required to simulate the XAS, XMCD and XLD spectra, we did not investigate

the magnetic properties of rare-earths on these samples.

Comparison between Nb-doped and pure SrTiO3

Figure S2 shows a comparison between the XAS, XMCD, XLD and magnetization cycles

of Dy adatoms adsorbed on Nb-doped (left column) and pure (right column) STO(001).

Although the main spectral features are almost identical between the two cases, one observes

a small reduction of the in-plane anisotropy for Dy on pure STO, with a corresponding

increase of the XMCD at θ=0 ◦, and a reduction of the XLD amplitude. This is very likely

due to a slightly different distribution of the Dy adatoms among the various adsorption

sites, with a larger population of the top-O site of the SrO termination, characterized by an

out-of-plane magnetic anisotropy, in the case of the pure STO(001) crystal. Despite these

differences, the two magnetization cycles are almost identical, showing a clear hysteresis with
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Figure S2: X-ray absorption spectra and magnetization curves of Dy adatoms on
Nb:STO(001) (left column) and STO(001) (right column) surfaces (ΘDy =0.037ML,
T =2.5K). The XAS, XMCD and XLD spectra were measured at the Dy M4,5 edges; the
XAS and XMCD were recorded at a magnetic field B=5T; the XLD was recorded at graz-
ing incidence (θ=60 ◦). The magnetization curves were recorded at dB/dt=33.3mT/s and
grazing (θ=60 ◦) incidence. Dark symbols are used for the downward magnetic field ramps
(i. e. from positive to negative field), while light symbols are used for the upward field ramps.

approximately the same area in both cases. This indicates that, under the same experimental

conditions, Dy has nearly identical magnetization relaxation time on both single crystals,

thus ruling out any significant role of the Nb doping in the magnetic stability of the Dy

adatoms.
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Coverage dependence of XAS, XMCD and magnetization cycles
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Figure S3: X-ray absorption spectra and magnetization curves of Dy on the Nb:STO(001)
surface, for Dy coverages in the range between ΘDy =0.004ML and ΘDy =0.145ML. The
XAS and XMCD spectra are measured at the Dy M4,5 edges at a temperature T =2.5K
and a magnetic field B=5T, both at normal (θ=0 ◦) and at grazing incidence (θ=60 ◦).
All spectra at each coverage are normalized to the total integral of the XAS recorded at
normal incidence. The red and blue arrows in each XMCD panel indicate the magnitude
of the XMCD at the smallest coverage of ΘDy =0.004ML for grazing and normal incidence,
respectively. The magnetization curves are recorded at T =2.5K and dB/dt=12.5mT/s,
at grazing (θ=60 ◦) incidence.

We have characterized the magnetic properties of Dy/Nb:STO(001) in a wide range of

Dy surface concentrations. Figure S3 shows the XAS, XMCD and magnetization curves in

the range of coverages from ΘDy =0.004ML to ΘDy =0.145ML. Across the whole series,

the XAS does not show any appreciable lineshape variation. The XMCD is barely affected

by the increase of Dy concentration. It decreases by less than 4% for a coverage increase

from 0.004 to 0.036ML, corresponding to a reduction of Dy monomers from 98% to 86%

for a statistical distribution of adatoms on a square lattice.5 At a coverage ΘDy =0.145ML,

where small clusters of a few atoms are formed, the XMCD is decreased by 10% with respect
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to ΘDy =0.004ML. Correspondingly, the opening of the magnetization cycles progressively

reduces with increasing Dy coverage, suggesting that the magnetization of dimers and larger

clusters is considerably less stable than that of Dy individual atoms on the SrTiO3(001)

surface.

XAS, XMCD, XLD and magnetization cycles of Ho/Nb:STO(001)

Fig. S4a displays theM4,5 XAS, XMCD, and XLD for Ho atoms on the Nb:STO(001) surface.

As for Dy, we do not observe changes of the XAS and XMCD for Ho coverages up to

ΘHo=0.036ML. The spectral lineshape is typical for a 4f shell occupation n=10. Thus,

similar to the case of Dy, adsorption of Ho on the STO(001) surface leads to a decrease of

one electron in the occupation of this shell, which is characterized by n=11 for Ho atoms in

the gas phase. The larger XMCD amplitude at grazing incidence than at normal incidence

indicates an in-plane magnetic anisotropy, as found for Dy. This is confirmed by the spectral

shape of the XLD at the M5 edge. Contrary to the case of Dy, however, the magnetization

cycles are paramagnetic at both normal and grazing incidence, for T =5K (see Fig. S4b),

and they remain closed even at a lower temperature of T =2.5K, as shown in Fig. S4c.

S6



-4

-2

0

2

4

-6 -4 -2 0 2 4 6

       T = 5 K
       

  = 0°

  = 70°

-4

-2

0

2

4

-6 -4 -2 0 2 4 6

     T = 2.5 K
       

  = 60°

1

0

-1
138013601340

 B = 6 T

-4

-3

-2

-1

0

1

  = 0°

  = 70°

3

2

1

0

      T = 5 K
      

  = 0°

  = 70°

Energy (eV)

X
A

S
 (

a
rb

. 
u

n
it

s
)

X
M

C
D

 (
a
rb

. 
u

n
it

s
)

X
L

D
 (

a
rb

. 
u

n
it

s
)

Field (T)

Field (T)

X
M

C
D

 (
a

rb
. 

u
n

it
s

)

c

b
a

X
M

C
D

 (
a

rb
. 

u
n

it
s

)

Figure S4: X-ray absorption spectra and magnetization curves of Ho individual atoms on a
Nb:STO(001) surface, for a Ho coverage ΘHo=0.036ML. (a) XAS, XMCD and XLD spectra
measured at the Ho M4,5 edges and a temperature T =5K; the XAS and XMCD were
recorded at a magnetic field B=6T; the XLD was recorded at grazing incidence (θ=70 ◦),
for B=6T. (b) Magnetization curves recorded at T =5K and dB/dt=33.3mT/s, at normal
(θ=0 ◦) and grazing (θ=70 ◦) incidence. The curves are normalized to the corresponding
XMCD. Dark symbols are used for the downward magnetic field ramps (i. e. from positive to
negative field), while light symbols are used for the upward field ramps. (c) Magnetization
curves recorded at grazing incidence (θ=60 ◦) and dB/dt=33.3mT/s at T =2.5K and a
Ho coverage ΘHo=0.018ML.

DFT calculations

Further details on the simulation cell and the methodology

In order to compare the properties of the different Dy adsorption sites on the two possible

STO surface terminations, we considered an asymmetric slab, as depicted in Fig. 1d, placing
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Dy ions either on top or below the slab. A 2×2 in-plane cell, in terms of the STO lattice

constant (0.3905 nm), was used to simulate the properties of the isolated adatoms. The slab

is composed of three and a half repetitions of the STO bulk cell in the direction perpendicular

to the surface. For the analysis of the magnetic polarization of the substrate, a 4×4 in-plane

cell was used, since the aim was to check the extension of the polarization given by a single

Dy adatom. Vacuum space of 15 Åwas considered in all the supercells in order to avoid slab

replica spurious interactions. The RKmax parameter, that in the Wien2K code determines

the size of the plane wave basis set, was chosen such as to ensure the number of APW’s

per atom ranged from 100 to 150 depending on the size of the simulation cell (equivalent

in terms of cut-off energy to a 150-220 eV range). Concerning k-point integration in the

Brillouin zone, we considered for the structural relaxation a 6×6 k-points grid for the 2×2

cell, and a 3×3 k-points grid for the 4×4 cell, shifted from Γ. A finer k mesh was used for

the electronic properties (band structure, LDOS, orbital occupations). The convergence of

the results as a function of the above parameters was checked. Moreover, local orbitals were

added to the basis set, in order to describe more accurately s and p semi-core states within

80 eV from the Fermi level. For Dy, Ti, Sr and O atoms, muffin tin radii of 2.40, 1.74, 2.48,

and 1.50 a.u. were used, respectively.

GGA+U vs. on-site B3LYP

We present here the results obtained by the DFT+U method in its Around Mean Field

version,6 and rotationally invariant implementation.7 An on-site Hubbard correction term

on the f orbital of Dy was added, choosing a value of U =7 eV and J =0.82 eV, as previously

used for Dy adatoms on metal substrates.8 Tests were carried out increasing the value of

U up to 10 eV and only minor modifications were observed. In Table S1 we compare the

results obtained by the GGA+U method with the ones obtained using the on-site B3LYP

method already presented in the main text. The total energy of Dy at different adsorption

sites is given, following the same definition as in Table 1 of the main text, together with
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Table S1: Comparison between the GGA+U and on-site B3LYP calculations for the different
adsorption sites at the two possible TiO2 and SrO terminations. Total energy values (in eV)
are referred to the most stable solution. In the case of the SrO termination, energies (in
brackets) are referred to the most stable solution among the ones on the same termination.
Electronic occupations of the 4f Dy adatom orbital are also reported.

GGA+U on-site B3LYP

Term. Ads. site Energy (eV) n (e−) Energy (eV) n (e−)

TiO2 hollow +0.00 9.12 +0.00 9.00

top-O +1.70 9.79 +2.61 9.39

top-Ti +2.29 9.82 +3.22 9.71

SrO top-O +1.68(+0.00) 9.80 +2.34(+0.00) 9.38

bridge +2.68(+1.00) 9.69 +2.95(+0.61) 9.04

top-Sr +4.55(+2.87) 9.77 +4.87(+2.53) 9.37

the occupation of the Dy 4f orbitals. We observe that the GGA+U method predicts the

same trend as the on-site B3LYP for the relative stability of the different adsorption sites,

although some variations are found in the absolute values. As anticipated in the main text,

the on-site B3LYP method leads to results which are generally in better agreement with the

experimental observation of a 4f9 configuration for the Dy 4f shell. An occupation closer to

4f10 is always associated with a reduction of the occupation of the 6s, 6p and 5d orbitals

composing the valence shell, leading to a different distribution of the electrons within the

spdf shell, while charge transfer to the surface is similar for both valences.

Spin and orbital projected band structures: 2DEG at the STO

surface

As discussed in the main text, the presence of Dy adatoms on both TiO2 and SrO termina-

tions of the STO(001) surface induces a metallization of the substrate and the appearance

of parabolic conduction bands with Ti-dxy character as depicted in Fig. 1g of the main text.

In Fig. S5 we present the depth dependence of such bands for the TiO2/hollow (panels from

a to d) and SrO/top-O adsorption sites (panels e and f), in the case of the majority spin
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Figure S5: Majority spin (↑) orbitally-projected electronic band structure in the
[−3 eV,+3 eV] energy range around the Fermi level. The size of the red circles is proportional
to the Ti-dxy orbital contribution in the case of a Dy adatom (a-d) at the hollow site on
the TiO2 terminated surface, and (e,f) for a Dy adatom at the top-O position on the SrO
terminated surface. The contribution of Ti atoms at increasing depth within the substrate
is shown moving from (a) to (d) and from (e) to (f), as evidenced by the structural sketches
in the insets of the various panels.

band structure. We note that the metallic states are mainly localized in the surface or sub-

surface TiO2 planes, similarly to what was previously observed by DFT calculations for the

2DEG states induced by intrinsic O-vacancies in STO interfaces and surfaces.9,10 Moreover

the predominant Ti-dxy character of the metallic bands is observed independently of the ter-

mination on top of which the Dy adatoms are adsorbed. This means that the 2DEG bands

will exist on the entire STO(001) surface, not just at islands of a particular termination.
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Details about the atomic multiplet calculations

Point charges and crystal field parameters

Table S2: Point charges used to calculate the crystal field parameters at the different
adsorption sites (hollow, top-O and top-Ti) of the TiO2 termination. The Dy atom position
is the origin of the coordinate system.

TiO2/hollow

q (e) x (Å) y (Å) z (Å)

−0.007 0.000 0.000 0.700

−1.285 1.891 0.000 −1.126

−1.285 −1.891 0.000 −1.126

−1.285 0.000 1.891 −1.126

−1.285 0.000 −1.891 −1.126

2.092 1.953 1.953 −1.552

2.092 −1.953 1.953 −1.552

2.092 1.953 −1.953 −1.552

2.092 −1.953 −1.953 −1.552

1.544 0.000 0.000 −3.695

−1.264 1.953 1.953 −3.381

−1.264 −1.953 1.953 −3.381

−1.264 1.953 −1.953 −3.381

−1.264 −1.953 −1.953 −3.381

1.585 −3.905 −0.000 −3.481

1.585 3.905 −0.000 −3.481

1.585 −0.000 −3.905 −3.481

1.585 0.000 3.905 −3.481

TiO2/top-O

q (e) x (Å) y (Å) z (Å)

−1.301 0.000 0.000 −2.121

2.112 1.953 0.000 −2.617

2.112 −1.953 0.000 −2.617

−1.228 1.953 −1.953 −2.521

−1.228 −1.953 −1.953 −2.521

−1.228 1.953 1.953 −2.521

−1.228 −1.953 1.953 −2.521

−1.226 −0.000 −3.905 −2.507

−1.226 0.000 3.905 −2.507

−1.191 −3.905 −0.000 −2.528

−1.191 3.905 −0.000 −2.528

TiO2/top-Ti

q (e) x (Å) y (Å) z (Å)

2.103 0.000 0.000 −3.351

−1.233 0.000 −1.953 −3.211

−1.233 0.000 1.953 −3.211

−1.233 −1.953 0.000 −3.211

−1.233 1.953 0.000 −3.211

2.194 −3.905 0.000 −3.355

2.194 3.905 0.000 −3.355

2.194 0.000 −3.905 −3.355

2.194 0.000 3.905 −3.355

The crystal field parameters used in atomic multiplet calculations for the 4f orbitals were

obtained by using a point charge model based, for each adsorption site, on the DFT optimized

adsorption geometry and the corresponding Bader charges of the ligands surrounding the
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Table S3: Point charges used to calculate the crystal field parameters at the different
adsorption sites (top-O, bridge and top-Sr) of the SrO2 termination. The Dy atom position
is the origin of the coordinate system.

SrO/bridge

q (e) x (Å) y (Å) z (Å)

−1.427 0.000 1.599 −1.531

−1.427 0.000 −1.599 −1.531

1.479 −2.096 0.000 −2.284

1.479 2.096 0.000 −2.284

−1.270 0.000 0.000 −3.996

2.110 −0.000 1.953 −4.034

2.110 −0.000 −1.953 −4.034

−1.294 −1.953 1.953 −3.927

−1.294 1.953 −1.953 −3.927

−1.294 −1.953 −1.953 −3.927

−1.294 1.953 1.953 −3.927

−1.333 −3.905 1.953 −2.023

−1.333 3.905 1.953 −2.023

−1.333 −3.905 −1.953 −2.023

−1.333 3.905 −1.953 −2.023

1.583 −1.953 −3.905 −2.119

1.583 −1.953 3.905 −2.119

1.583 1.953 −3.905 −2.119

1.583 1.953 3.905 −2.119

SrO/top-O

q (e) x (Å) y (Å) z (Å)

−1.435 −0.000 −0.000 −2.088

1.541 −1.953 −1.953 −2.611

1.541 1.953 1.953 −2.611

1.541 1.953 −1.953 −2.611

1.541 −1.953 1.953 −2.611

−1.322 −3.905 −0.000 −2.427

−1.322 3.905 −0.000 −2.427

−1.322 −0.000 −3.905 −2.427

−1.322 0.000 3.905 −2.427

SrO/top-Sr

q (e) x (Å) y (Å) z (Å)

1.531 0.000 0.000 −4.185

−1.346 1.953 1.953 −3.964

−1.346 −1.953 1.953 −3.964

−1.346 1.953 −1.953 −3.964

−1.346 −1.953 −1.953 −3.964

1.569 −3.905 0.000 −4.169

1.569 3.905 0.000 −4.169

1.569 −0.000 −3.905 −4.169

1.569 0.000 3.905 −4.169

−1.282 1.953 0.000 −5.941

−1.282 −1.953 0.000 −5.941

−1.282 0.000 1.953 −5.941

−1.282 0.000 −1.953 −5.941

2.190 1.953 1.953 −5.898

2.190 −1.953 1.953 −5.898

2.190 1.953 −1.953 −5.898

2.190 −1.953 −1.953 −5.898
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Table S4: Rescaled (see text) crystal field Wybourne parameters (in units of meV) for the
six Dy adsorption sites on the two surface terminations of STO(001).

Termination/site A0
2 A2

2 A0
4 A2

4 A4
4 A0

6 A2
6 A4

6 A6
6

TiO2/hollow −36.3 − 75.9 − 171.9 691.7 − 62.5 −
TiO2/top-O 420.3 −120.4 140.7 −27.1 −5.9 54.8 −2.9 −3.5 −0.2

TiO2/top-Ti −41.8 − −19.9 − −0.8 −4.8 − 0.3 −
SrO/top-O 577.6 − 185.3 − 8.8 64.1 − 2.0 −
SrO/bridge 162.8 −335.8 −86.7 −144.8 30.6 −5.7 −0.2 30.8 −6.4

SrO/top-Sr −52.8 − −4.9 − −1.0 −0.7 − −0.2 −

Dy atoms. In the case of Dy on the TiO2/hollow site, we have explicitly included a small

negative charge above the Dy atom, in order to reproduce the anisotropic charge density

associated with the Dy spd electrons. Tables S2 and S3 show the point charges used in

the case of the TiO2 and the SrO terminations, respectively. With these, we calculated

the crystal field parameters, in Wybourne notation, using the “pointc” module11 within

the software McPhase.12 In order to compensate for the well-known underestimation of the

crystal field parameters of order 4 and 6 with respect to those of order 2 by the point charge

model, we have rescaled the crystal field by factors κl (l = 2, 4, 6) following the procedure

outlined by Singha et al.13 (κ2 =
√
2, κ4 = 2

√
2, κ6 = 4), thus obtaining the modified

Wybourne parameters used in Quanty for the atomic multiplet calculations, indicated as

Am
l in Table S4 (with m = 0, 2, 4, 6).
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Simulated XAS, XMCD and magnetization cycles for each adsorp-

tion site
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Figure S6: XAS and XMCD spectra at the Dy M4,5 edges and magnetization loops simulated
by means of atomic multiplet calculations for each Dy adsorption site on the TiO2 termina-
tion of the STO(001) surface. The simulations are performed for a temperature T =2.5K.
A magnetic field B=5T is applied at θ=0 ◦ and θ=60 ◦ for the XAS and XMCD, while
the XLD was calculated for θ=60 ◦.

Figures S6 and S7 show the XAS and XMCD spectra calculated by atomic multiplet cal-

culations at the Dy M4,5 edges for each adsorption site at the TiO2 and SrO terminations,

respectively. The simulations are for a temperature T =2.5K and a magnetic field B=5T.

The bottom graphs in each column show the corresponding magnetization cycle at thermo-

dynamical equilibrium. The magnetic field and the X-ray beam rotate in the xz-plane when
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Figure S7: XAS and XMCD spectra at the Dy M4,5 edges and magnetization loops simulated
by means of atomic multiplet calculations for each Dy adsorption site on the SrO termination
of the STO(001) surface. The simulations are performed for a temperature T =2.5K. A
magnetic field B=5T is applied at θ=0 ◦ and θ=60 ◦ for the XAS and XMCD, while the
XLD was calculated for θ=60 ◦.

going from normal (θ=0 ◦) to grazing (θ=60 ◦) incidence. The two-fold symmetry of the

top-O site on the TiO2 termination and of the bridge site on the SrO termination leads to

the coexistence of two Dy species on each site. In fact, the two Ti next-nearest neighbours

for the top-O site, and the two O nearest neighbours for the bridge site may either be aligned

along the x direction (sites indicated as ”top-Ox” and ”bridge-Ox”) or along the y direction

(sites indicated as ”top-Oy” and ”bridge-Oy”). While in the top-O case both orientations

correspond to a magnetic hard axis, for the bridge site the ”bridge-Ox”, with the Dy mag-

netic moments aligned towards the neighbour O atoms, is the magnetic easy axis. Among
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the other sites, all showing four-fold symmetry, the hollow and top-Ti on the TiO2 termina-

tion and the top-Sr on the SrO termination exhibit in-plane magnetic anisotropy, while the

top-O site on the SrO termination has a strong out-of-plane anisotropy.

Details about the calculation of the magnetization re-

laxation time τ

Theoretical model

The spin-phonon scattering probability between an initial |i⟩ and a final |j⟩ eigenstate of the

Dy/STO(001) atomic system, following the model proposed by Fort et al.,14 can be written

as:

Gij
ph =


CphM

ij
ph |∆Eij|3 nij for ∆Eij < 0 (phonon absorption)

CphM
ij
ph |∆Eij|3 (nij + 1) for ∆Eij > 0 (phonon emission)

, (S1)

where Cph is a constant characteristic for the spin-phonon scattering cross-section in Dy/STO(001),

∆Eij = Ei−Ej is the difference of the energies of eigenstates |i⟩ and |j⟩, nij = {exp[|∆Eij|/(kBT )]− 1}−1

is the Bose-Einstein distribution of phonon population, kB is Boltzmann’s constant, and T

is the temperature. The spin-phonon scattering matrix elements, following the notation by

Cervetti et al.,15 are defined as:

M ij
ph = |⟨j|J2

−|i⟩|2 + |⟨j|J2
+|i⟩|2 + 2|⟨j|{J−, Jz}|i⟩|2 + 2|⟨j|{J+, Jz}|i⟩|2, (S2)

with J± = Jx± iJy. The same matrix elements were previously used for Dy based molecular

complexes.16

Analogously, following Delgado and Fernández-Rossier,17 we write the spin-electron scat-
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tering probability as:

Gij
el = Cel M

ij
el

∆Eij

e
∆Eij
kBT − 1

, (S3)

where Cel is a constant characteristic for the spin-electron scattering cross-section in Dy/STO(001),

which in turn depends on the (unknown) electronic density of the STO(001) substrate, and

the spin-electron scattering matrix elements are defined as:

M ij
el = |⟨j|J−|i⟩|2 + |⟨j|J+|i⟩|2 + 2|⟨j|Jz|i⟩|2, (S4)

which assumes that the exchange of the Dy 4f shell with the conduction-electron spins s is

accurately approximated by the bilinear Heisenberg exchange in the form J · s, despite some

deviations and/or extra terms due to the orbital component of the total moment J are to

be expected.18

With the knowledge of Gij
ph and Gij

el , we can solve the set of Nlev differential rate equations

(Nlev is the total number of eigenstates of the Dy/STO(001) system), relating the population

Pi(t) of state |i⟩ at time t with the probability of phonon or electron related scattering to/from

the other states |j⟩, with j ̸= i:

∂Pi(t)

∂t
= −Pi(t)

Nlev∑
j=1
j ̸=i

(
Gij

ph +Gij
el

)
+

Nlev∑
j=1
j ̸=i

Pj(t)
(
Gji

ph +Gji
el

) , (S5)

with the boundary conditions P1(0) = 1 (where |1⟩ is the ground-state of the system) and

Pj(0) = 0 for j = 2 . . . Nlev. The time evolution of the population of the ground state |1⟩,

P1(t), is then fitted with an exponential decay function of the type:

P1(t) = P1(0)e
− t

τ ,

allowing us to determine τ .

In the case of the Dyhollow species, the magnetic field dependence of τ shown in Fig. 5b
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of the main text is calculated based on the values Cph = 2.1× 10−2 and Cel = 7.5× 10−5.
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Figure S8: (a) Intrinsic magnetization relaxation time τ and its decomposition into a spin-
phonon contribution (τph) and a spin-electron contribution (τel) at T =2.5K and θ=60 ◦;
(b) Comparison between the magnetic field dependence of τ calculating with and without
including the coupling of the 4f magnetic moment with the nuclear spin I = 5/2.

Fig. S8a shows the decomposition of the intrinsic magnetization relaxation time τ into a

spin-phonon contribution (τph) and a spin-electron contribution (τel). The values for τ are

those displayed in Fig. 5b of the main text. It is evident that for all three adsorption sites the

calculated values of τ are dominated by the spin-electron scattering at low magnetic fields,

while the spin-phonon scattering contribution prevails at high magnetic field. In Fig. S8b

we compare the magnetic field dependence of τ as calculated including or neglecting the

coupling of the 4f magnetic moment with the nuclear spin I. Such coupling is effective
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only for Dy isotopes with I ̸= 0: 161Dy with relative abundance of 18.9% and 163Dy with

relative abundance of 24.9%, both having I = 5/2. As evident from the figure, there is

negligible difference between the two cases in the magnetic field range of our experimental

investigations of τ (B > 0.1T).

Estimate of the secondary electrons contribution to the value of

the relaxation time

The X-ray flux dependent contribution τsec(Φ) of secondary electrons to the measured value

of the relaxation time τexp(Φ) can be estimated by noting that the latter may be expressed

as τ−1
exp(Φ) = τ−1 + τ−1

sec (Φ), where τ is the intrinsic relaxation time of the Dy magnetization

and Φ is the X-ray flux. Because of the limited magnetic field range (between 0.1 and 1T)

studied in our investigations of τ , we assume that τsec(Φ) does not depend on magnetic field,

and we determine its X-ray flux dependence at B=0.375T. By measuring τexp at two X-ray

fluxes Φlf and Φhf =4×Φlf (where the indices ”lf” and ”hf” stand for ”low flux” and ”high

flux”, respectively), we obtain a system of two equations:


τ−1
exp(Φlf) = τ−1 + τ−1

sec (Φlf)

τ−1
exp(Φhf) = τ−1 + τ−1

sec (Φhf)

. (S6)

By combining the two equations above, we obtain:

τsec(Φlf) =
aτsec(Φhf)

a− τsec(Φhf)
,

where a = τexp(Φlf)τexp(Φhf)

τexp(Φlf)−τexp(Φhf)
. The obvious condition τsec(Φlf)≥ 0 imposes that τsec(Φhf)≤ a,

setting an upper limit for the secondary electrons contribution to the relaxation time in our

”high flux” conditions, which correspond to the X-ray flux used for recording all the magneti-

zation cycles presented in this manuscript. AtB=0.375T, where we record τexp(Φlf)= 800± 200 s
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and τexp(Φhf)= 160± 20 s, we then obtain τsec(Φhf)≤ 200± 40 s. The lower limit for τsec(Φhf),

on the other hand, is represented by the largest value of τexp(Φhf) in our magnetic-field depen-

dent series, which is 190± 30 s at B=0.1T. Due to the large uncertainty in these values, we

take τsec(Φhf) to lie in the middle of its allowed range, corresponding to τsec(Φhf)= 195± 35 s.

With this value, we estimate the intrinsic value of the magnetization relaxation time at

B=0.375T by using the bottom equation in (S6), giving τ =900± 40 s. This, in turn,

allows us to estimate the secondary electrons contribution to the relaxation time in our

”low flux” conditions (corresponding to the X-ray flux used for recording the values of

τexp shown in Fig. 5a of the main text), by using the top equation in (S6), resulting in

τsec(Φlf)= 7100± 200 s.

Taking into account the above estimated values of τsec, with the condition τ−1
sec (Φ = 0)=0,

we find a quadratic dependence of the secondary electrons contribution to the relaxation time

on the X-ray flux:

τ−1
sec (Φ) = b

(
Φ

Φhf

)2

, (S7)

with b=(5± 1)× 10−3 s−1.
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