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The influence of hydrogen on magnetization is of significant interest to spintronics. Understanding
and controlling this phenomenon at the atomic scale, particularly in nanoscale systems, is crucial. In
this study, we utilized scanning tunneling microscopy (STM) combined with a nickelocene molecule
to sense the spin of a hydrogen-loaded nanoscale Co island grown on Cu(111). Magnetic exchange
maps obtained from the molecular tip revealed the presence of a hydrogen superstructure and a 90◦

rotation of the magnetization compared to the pristine island. Ab initio calculations corroborate
these observations, indicating that hydrogen hybridization with Co atoms on the island surface
drives the spin reorientation of the island. This reorientation is further reinforced by hydrogen
penetration into the island that locates at the Co/Cu interface. However, the subsurface sensitivity
of the magnetic exchange maps indicate that this effect is limited. Our study provides valuable
microscopic insights into the chemical control of magnetism at the nanoscale.

INTRODUCTION
Magnetic anisotropy determines the orientation of spins
in metallic thin films and multilayers, thereby consti-
tuting a critical aspect of spintronic device functional-
ity. Among various approaches for controlling magnetic
anisotropy, the incorporation of mobile ionic species in
thin films through voltage-gated transport stands out
as promising. Hydrogen, in particular, has proven su-
perior to other ionic species, offering non-destructive
and rapid toggling of magnetic anisotropy of multilay-
ered heterostructures [1–3]. The rationale for hydrogen
loading is built upon the observation that even subtle
interactions, such as charge transfer between hydrogen
and a metal atom, can trigger changes in the magnetic
anisotropy and effective magnetic moment of the atom
[4–9], while also affecting the exchange coupling among
atoms [10, 11]. The magnetization orientation in ultra-
thin films can be modified by the adsorption and pene-
tration of hydrogen [10–14]. This effect is observed not
only in collinear magnetic films, but also in noncollinear
ones [15, 16], where hydrogen has the ability to stabilize
skyrmion states [17, 18]. The position and concentration
of hydrogen in and on the host metal are important fac-
tors in this process [17, 19]. While recent advancements
have enabled microscopic-level imaging of hydrogen [20],
these measurements have not yet been associated with
magnetism.

Single hydrogen molecules are commonly studied
using STM. Hydrogen molecules assemble into coverage-
dependent lattices on metal surfaces [21] and have a
characteristic vibrational structure facilitating their
identification [21, 22]. They can also be manipulated by
the STM tip [23–25], adding chemical functionality to
the microscope [26]. Dissociative adsorption of hydrogen
molecules has also been reported on magnetic surfaces,
where hydrogen atoms then form superlattices [27, 28].

However, conducting spin-sensitive STM measurements
on hydrogen-exposed magnets remains a challenging
endeavor [17, 28], as it necessitates a magnetic tip,
which, similar to the surface, is susceptible to hydrogen
contamination [29]. Rigorous monitoring of the tip apex
status is essential, preferably with an external magnetic
field.

RESULTS AND DISCUSSION
To overcome this challenge, we passivated the apex
of a copper-coated W tip with a magnetic nickelocene
molecule [Ni(C5H5)2, denoted as Nc, see Fig. 1f], and
focused on a model system comprising a nanoscale Co
magnet that was exposed to hydrogen. Owing to the
direct exchange coupling between the Nc-terminated tip
and the Co surface of the magnet, we employed the inelas-
tic tunnel current to monitor the orientation of the sur-
face magnetization with atomic-scale sensitivity [30, 31].
Magnetic exchange maps obtained with the molecular
tip reveal that hydrogen is predominantly located on
the magnet’s surface, forming a hydrogen superstructure,
while the subsurface sensitivity of the magnetic probe tip
indicates weaker hydrogen penetration into the magnet.
This results in a 90◦ rotation of the magnetization com-
pared to the hydrogen-free state. These observations,
corroborated by ab initio calculations, represent an ad-
vancement in our comprehension of how hydrogen alters
the magnetism of a nanoscale system at the atomic level.

The sample consisted of Co islands grown on Cu(111),
which are two atomic layers high and exhibit a triangular-
like structure (Fig.1a) [32–34]. The apparent height is
325 ± 10 pm, and typical lateral sizes range from 10 to
30 nm. After island growth, Nc is deposited onto the
sample, which is then exposed to hydrogen (see Materials
and Methods for details). To assess H-adsorption onto
Co islands, a Nc-tip is prepared by transferring a single
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FIG. 1. (a) Constant-current image of H-covered Co bilayer
islands on Cu(111) (image size: 20 × 20 nm2, sample bias:
50 mV, tunnel current: 50 pA). The bright spots are Nc
molecules. (b) Close-up view of the island (1.7 × 1.7 nm2,
sample bias: 50 mV, tunnel current: 50 pA) with 2H-(2 × 2)
superstructure [Co(I): yellow, Co(II): blue, H(I): green, H(II):
orange]. The Co network corresponds to that of the pristine
island before hydrogen exposure. (c) Height profile acquired
along the dashed line indicated in (b). Coloured circles indi-
cate the position of the H and Co atoms. (d) Model structure
of 2H-(2×2) (Co: blue, H: white) and (e) corresponding DFT-
computed constant-current topography (simulation done at
100 mV). Circles represent H atoms. (f) Typical dI/dV spec-
tra acquired on H-contaminated (solid red line) and pristine
islands (solid black line). Feedback loop opened at 1.2 nA
and 0.5 V. Inset: sketch of the tunnel junction.

Nc from the surface to a mono-atomically sharp tip.
Imaging can then be conducted via two operating modes.
The first mode involves tunneling with parameters 50
mV and 50 pA, for which the exchange interaction with
the Co surface is absent (Fig. S1, for details, see the
Supporting Materials) [35]. In this mode, which we
define as a high-bias mode, the Nc-tip functions as a
standard STM tip. The second mode, which we define
as a low-bias mode, involves tunneling with parameters
1 mV and 100 pA, where the Nc-tip is 50 pm away
from the magnetic surface for the exchange interaction
to be active. This mode carries magnetic information.
Switching between high- and low-bias allows us to visu-
alize the electronic and magnetic properties, respectively.

Hydrogen superstructure on a Co bilayer island
To determine the hydrogen coverage on a nanoscale is-
land, we employed the Nc-tip in the high-bias mode. Fig-
ure 1a shows a typical image of an island after hydrogen
exposure (see Materials and Methods), which appears

similar to a pristine island. To visualize the presence of
hydrogen atoms, it is necessary to zoom in on the island.
A close-up view of a Co island is presented in Fig.1b,
along with an overlaid simulation of the Co network of
the pristine island. Hydrogen atoms are positioned on
the hollow sites of the Co surface and alternate between
two distinct hollow sites, resulting in a 2 pm difference in
their apparent height (Fig.1c). The hydrogen coverage
is 0.5 monolayers (ML), suggesting a hydrogen arrange-
ment in a 2H-(2 × 2) superstructure (Fig. 1d). The unit
cell of the superstructure contains two Co atoms: one
at the center of a hexagon without neighboring H atoms
[noted Co(I), yellow in Fig. 1b], and a second, which
has two neighboring H atoms [noted Co(II), blue]. The
apparent height of Co(II) is 4 pm greater than that of
Co(I). To corroborate these observations, DFT calcula-
tions were carried out, yielding good agreement with the
experimental images (Fig. 1e). The strongest corruga-
tion in the computed image corresponds to hydrogen in
an hcp site [noted H(I), green], while the weaker corruga-
tion corresponds to hydrogen in an fcc site [noted H(II),
orange].

This assignment, however, needs to be validated also
by tunneling spectroscopy. The 1H-(2 × 2) superstruc-
ture, where one H atom is present in a (2 × 2) Co
unit cell corresponding to a 0.25 ML coverage, is in
fact indistinguishable from its 2H counterpart in the
computed images (Fig. S2). Figure 1f presents a typical
dI/dV spectrum of a pristine Co island, revealing a
prominent peak at −0.33 eV, arising from minority
dz2 states hybridized with s − p states [31]. The sharp
feature at zero-bias is due to the inelastic tunnel current
of the Nc-tip. After H exposure, the peak shifts out of
our energy window, i.e., below −0.6 eV. This behavior
is consistent with the computed LDOS for both Co(I)
and Co(II) in the 2H-(2× 2) superstructure (Fig. S2). It
contrasts with the LDOS of a 1H-(2× 2) superstructure,
which maintains instead a spin-polarized d-structure
comparable to the pristine surface (Fig. S2). Hence, the
islands in this study exhibit a 2H-(2 × 2) superstructure
after hydrogen exposure.

Magnetization in the presence of hydrogen
To investigate the magnetism of the 2H-(2 × 2) super-
structure, the surface is imaged by using the low-bias
mode of the Nc-tip. The low-bias image of Fig. 2a dif-
fers from the one previously recorded at higher bias. The
Co(I) and Co(II) atoms show a stronger contrast due to
their distinct corrugation (Fig. 2b), with a measured dif-
ference of 8 pm between them. The two hydrogen atoms
are also visible, but their contrast is reversed compared
to the high-bias image, H(I) now exhibiting a height 20
pm larger than H(II). To determine the orientation of
the island magnetization, we recorded a series of d2I/dV 2

spectra by approaching the tip above each Co atom. The
zero tip-displacement (δz = 0) is set to a conductance of
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FIG. 2. (a) Low-bias constant-current image of an H-covered
Co bilayer island (1.7 × 1.7 nm2, 1 mV, 100 pA) with simu-
lated 2H-(2 × 2) superstructure [Co(I): yellow, Co(II): blue,
H(I): green, H(II): orange]. (b) Height profile acquired along
the dashed line indicated in (a). Coloured circles indicate the
position of the H and Co atoms. Panels (c) and (d) present
the d2I/dV 2 spectra above Co(I) and Co(II) atoms for dif-
ferent tip-Co distances. Feedback loop opened above Co(I).
Red lines: Simulations based on a dynamical scattering model
[36]. (e) d2I/dV 2 spectra acquired before and after hydro-
gen removal (solid red line: before, solid black line: after).
The dashed lines indicate the non-shifted peak (dip) posi-
tion at large distance. Inset: Image acquired after H-removal
(1 × 1 nm2, 1 mV, 100 pA). Hydrogen removal is achieved
through several 1 V-pulses applied for a few seconds at a
tunneling current of 10 µA. It specifically targets the island
beneath the tip, without perturbing neighboring islands. Af-
ter the procedure, the Nc-tip is lost and must be re-prepared.

G = 0.01G0 above a Co(I) atom, where G0 = 2e2/h is
the quantum of conductance. Conductance versus tip-
displacement traces are presented in Fig. S3. As shown
in Fig. 2c for Co(I) and in Fig. 2d for Co(II), at a tip
displacement of δz = 0 the spectra exhibit a dip and a
peak at biases of −4.0 and +4.0 mV. These features are
usual for Nc-tips above non-magnetic copper [37], and
indicate the absence of exchange interaction. As the tip
approaches the surface, the peak (dip) for both Co atoms
shifts upward (downward) in energy, indicating exchange
coupling between the Nc-tip and Co. This is also visi-
ble in the 2D intensity plots acquired above both cobalt
atoms (Fig. S4). The spectra can only be reproduced

using a dynamical scattering model with the magneti-
zation of the islands laying in-plane (solid red lines in
Figs. 2c and 2d) [36]. Peaks and dips at opposite voltage
polarities exhibit different amplitudes (refer to Fig. 2e,
solid red line). This disparity arises from the selection
rule for spin excitation and their intensity ratio provides
insight into the magnitude and sign of the spin polar-
ization of the tunnel junction [38]. The spin polariza-
tion (P) found from our simulated spectra is constant
with tip displacement with P = −0.12 for both Co(I)
and Co(II) (Fig. S5). The spectra differ from those of
the pristine island. This becomes evident upon remov-
ing hydrogen by locally heating the island with the STM
tip [27]. Following hydrogen removal, the Co network is
restored (Fig. 2e), and Co atoms display a characteris-
tic spin-split d2I/dV 2 spectrum, indicating out-of-plane
magnetization and nearly-zero spin polarization as in a
pristine Co bilayer island [30, 31]. The 2H-(2 × 2) su-
perstructure can therefore be associated to a rotation of
the island magnetization, from out-of-plane to in-plane.

Figure 3a presents the distance-dependent behavior of
the exchange energy derived from the spectra above Co(I)
and Co(II). For δz > −40 pm, the exchange energy ex-
hibits an exponential variation exp (−δz/λ) with a decay
length of λ = 46 ± 10 pm for both atoms, similar to
a Co atom of the pristine island [31]. Notably, the ex-
change energy above Co(II) is nearly twice as strong as
the exchange energy measured above Co(I). When the
tip is approached further (δz < −40 pm), the exchange
energy becomes less sensitive to tip displacement, show-
ing a smaller decay length. We assign this behavior to
an Nc-hydrogen repulsion that is more pronounced on
Co(II) than on Co(I) (Fig. S3). The exchange coupling
also varies across the surface. To visualize these varia-
tions, we acquire a voxel image consisting of a dataset in
the form of d2I/dV 2(x, y, V ), while maintaining a fixed
tip-sample distance. We then determine the exchange
energy at each lateral tip position by fitting the spectra.
Figure 3b shows the resulting magnetic exchange map,
while Fig. 3c displays d2I/dV 2 spectra at the Co and
H atoms. The exchange map is similar to the low-bias
image of Fig. 2a since the corrugation in both images is
governed by the shift of the inelastic threshold energy.
If the low-bias image allows quickly assessing the lateral
dependence of the exchange coupling, it is done at the ex-
pense of a quantitative estimate of the exchange energy.
The exchange map reveals a corrugation of the exchange
energy over a 1.5 meV range, with clear differences among
Co and H atoms. However, these differences are not re-
flected in their magnetic moments. The DFT computed
magnetic moments are 1.9 µB and 1.6 µB for Co(I) and
Co(II), respectively, while the hydrogen atoms exhibit
weak magnetism, with H(I) at −0.02 µB and H(II) at
−0.01 µB.

Consistent with findings on pristine Co surfaces
[31], the magnetic exchange map is reproduced by the
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FIG. 3. (a) Exchange energy versus z extracted from the
d2I/dV 2 spectra of Co(I) and Co(II). The dashed lines rep-
resent the exponential fit described in the text. (b) Spatial
map of the exchange energy acquired at a fixed distance above
a Co island (δz = −40 pm). Lateral (vertical) tip drift be-
tween each spectrum acquisition was kept below 10 pm (5
pm) by dynamically tracking a local maximum. (c) d2I/dV 2

spectra above Co(I), Co(II), H(I) and H(II) [Co(I): yellow,
Co(II): blue, H(I): green, H(II): orange]. Computed spin den-
sity map at a fixed distance of (d) 200 pm and (e) 250 pm
above an H atom.

DFT-computed spin density. Figures 3d-e present the
spin density computations at two distinct distances from
the surface, based on a 2H-(2 × 2) superstructure on
a Co bilayer. Remarkably, this agreement extends to
H-covered Co islands of varying Co island thicknesses
(Fig. S6). The maps indicate that Co(II) exhibits a
stronger spin density compared to Co(I) at all distances
from the surface, aligning with the experimentally
observed stronger exchange energy. The observed dif-
ferences in the Co atoms, also visible in their computed
LDOS (Fig. S2), are attributed to varying hybridization
with the hydrogen atoms. Additionally, the spin density
of H(II) is stronger than that of H(I), confirming the
contrast reversal seen experimentally for these hydrogen
atoms compared to the high-bias images.

FIG. 4. (a) MAE versus surface hydrogen coverage (ML).
Blue: MCA Energy; magenta: Shape anisotropy, ∆Edd; red:
Total MAE. The two additional values represented by the
green circles correspond to the MAE of the configurations
with 0.5 ML of H at the surface plus 0.25 ML and 0.50 ML of
H at the Co/Cu interface. These values correspond, respec-
tively, to coverages of 0.75 ML and 1 ML. For convenience,
the energy values are given in meV/cell where the considered
Co 2 × 2-cell contains 8 Co atoms. (b) Local site analysis of
the MCA. The abscissa indicate the number of the Co atom
in the cell (right panels): 1− 4 for the surface layer and 5− 8
for the first Co layer.

Computed magnetic anisotropy energy
To gain deeper insight into our findings, we have per-
formed a computational study of hydrogen adsorption
and its impact on the island’s magnetization orienta-
tion. The key quantity to calculate is the Magnetic
Anisotropy Energy (MAE) which is the sum of two con-
tributions. The first contribution, known as the magne-
tocrystalline anisotropy Energy (MCA), stems from the
spin-orbit coupling and dictates the preferred alignment
direction of magnetic moments within the material aris-
ing from the crystalline structure and symmetry. The
second component, termed shape anisotropy, is driven by
magnetostatic dipole-dipole interactions and manifests as
a tendency for the magnetic moments to align in a spe-
cific direction dictated by the object’s shape. Here, a
negative MAE corresponds to out-of-plane magnetization
(denoted as ⊥), while a positive value indicates in-plane
magnetization (denoted as ∥). Calculation details are
given in Materials and Methods. To keep the calculations
within practical time limits, we use the approximation of
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infinite bilayers of Co on a Cu(111) substrate. This ap-
proach is reasonable given that the triangular islands seen
in experiments are larger than 10 nm on each side. The
shape anisotropy in a triangle is then almost the same
than the one of an infinite film of the same height.

In the first step of this theoretical study, we consider
only the hydrogen adsorption on top of the Co bilayer.
We vary the hydrogen coverage from 0 to 1 ML and calcu-
late the MAE for each coverage. Since these calculations
are conducted using a 2 × 2 − (111) cell configuration,
these coverages correspond to the addition of 0 to 4 hy-
drogen atoms per unit cell on the (111) surface. The H
atoms are positioned in hollow fcc sites. For the 0.5 ML
coverage we also consider a superstructure alternating
fcc and hcp positions as more stable, in agreement with
STM experiments. The results are presented in Fig. 4a.
For pristine Co (0 ML of H), the MCA is negative and
exceeds the shape anisotropy, resulting in a out-of-plane
magnetization (MAE < 0). The main effect of adding hy-
drogen is to bring the MAE close to zero. This is driven
by the MCA changing from −1.5 to −0.5 meV/cell, while
the shape anisotropy remains constant at 0.6 meV/cell.
At a hydrogen coverage of 0.5 ML, the two contributions
compensate, resulting in an MAE that is nearly zero.
Above 0.5 ML, the further growth of the MCA is slower
but sufficient to favor in-plane magnetization. Thus, the
MCA evolution with hydrogen coverage is the driving
force behind the rotation of the magnetization toward
the in-plane configuration.

A deeper understanding of the physical origin can
be gained through a Co site-resolved analysis, which
involves plotting the MCA for each Co site (Fig. 4b).
As the H coverage on the surface increases, the MCA
increases at the Co sites on the surface (numbered 1
to 4 in Fig. 4d). The MCA becomes large and positive
above 0.5 ML, favoring an in-plane orientation of the
magnetization. In contrast, the Co sites of the first layer
(noted 5 to 8 in Fig. 4b), which have no hydrogen atoms
as nearest neighbors, exhibit opposite behavior when the
H coverage is > 0.5 ML, thus favoring an out-of-plane
magnetization. Adding up all the MCA per site yields a
negative value, as shown in Fig. 4a. The different MCA
for surface and first-layer Co atoms is attributed to their
hybridization with H atoms that changes the relative
importance of different d orbitals of Co (Fig. S7), as also
evidenced in Pd/Co/Pd thin films [19].

Determining hydrogen loading in the experiment
The above considerations regarding the MCA per Co site
lead us to consider the possibility of H insertion as an en-
hancing factor of the island magnetization re-orientation.
We start from a coverage of 0.5 ML where the hydrogen
is present only on the surface in a 2H-(2× 2) superstruc-
ture, and progressively insert H atoms in octahedral sites
within the island. The insertion of 1 or 2 H atoms (cor-
responding respectively to a coverage of 0.75 and 1 ML)

0.50 

0.50 
0.50 

c 

0.50 

0.50 
b 

0.25 

0.50 a 200 pm 250 pm 

FIG. 5. Top and side view of hydrogen loading in a Co bilayer
possessing a 2H-(2 × 2) superstructure on its surface. Two
spin density maps are presented, that are computed at two
fixed distances above an H atom (left: 200, right: 250 pm).
In panel (a) 0.25 ML of hydrogen was added to the Co/Cu
interface, (b) 0.50 ML of hydrogen was added to the Co/Cu
interface, (c) 0.50 ML of hydrogen was added to both the first
Co layer and the Co/Cu interface. The H-coverage of (a) and
(b) correspond to the green circles in Fig. 4c.

can be carried out at different locations among the 4
available sites in the 2 × 2 cell. We retain the configura-
tions displaying in-plane anisotropy as in the experiment,
and energetically most stable. We find that up to 1 ML
coverage, it is more favorable to load the Co/Cu inter-
face. The two corresponding values of MAE have been
reported on Fig. 4c as green circles. Increasing the con-
centration above 1 ML, involves inserting H at octahedral
sites in both Co/Co and Co/Cu interfaces, leading to a
limited number of configurations with in-plane magneti-
zation. For concentrations > 1.5 ML (with 0.5 ML lo-
cated at the surface), the MCA energy becomes positive
for all possible configurations.

Having identified potential configurations, it becomes
feasible to estimate the hydrogen loading in the Co bi-
layer by computing the corresponding spin density maps
and comparing them to the exchange maps. Figure 5a
shows a computed spin density map with an extra 0.25
ML of hydrogen at the octahedral sites of the Co/Cu
interface. There is no significant difference compared to
the experimental map. However, increasing the hydro-
gen to 0.50 ML at the Co/Cu interface (Fig. 5b) and
further hydrogen loading (Fig. 5c) result in spin density
patterns that diverge from the experimental observa-
tions (Fig. 3b). Based on these findings, if hydrogen is
present in the island, the total coverage must be between
0.5 ML and 0.75 ML, with 0.5 ML located on the surface.

CONCLUSIONS
In summary, our study demonstrates that exposing a
nanoscale magnet to sufficient hydrogen can induce a
90◦ rotation of its magnetization. Although our DFT
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computations are conducted on infinite Co layers, they
successfully reproduce the interplay between hydrogen
loading and magnetism observed in finite-size Co mag-
nets, typically few tens of nm wide in our measurements.
This rotation is primarily driven by hydrogen adsorption
on the magnet’s surface and is further reinforced by the
presence of hydrogen at the Co/Cu interface. While
hydrogen adsorption also occurs at step edges in the
experiment, our findings suggest that this effect can be
neglected to first order.

MATERIALS AND METHODS
Experimental details
We employed a customized Omicron ultrahigh vacuum
STM with a pressure maintained below 10−10 mbar. In-
elastic tunneling spectroscopy was performed at 2.4 K,
while all other measurements were carried out at 4.4 K.
The Cu(111) substrate was cleaned through multiple cy-
cles of Ar+ sputtering and annealing at a temperature
of 520◦C. The W tip used in this investigation was first
cleaned by Ar+ sputtering. Cobalt islands were grown
on Cu(111) by evaporating Co onto the surface at room
temperature. Cobalt was evaporated from a rod that
had undergone thorough out-gassing, with an evapora-
tion rate of 0.3 ML min−1. After a deposition of 1 ML,
the cobalt sample was transferred to the pre-cooled STM.
Nickelocene was then deposited by exposing the sample,
maintained below 100 K, to a molecular flux of 2.5×10−2

ML min−1 for a few seconds.

For the Nc-tip preparation, we first indented the tung-
sten tip into the copper surface, resulting in the creation
of a copper-covered, mono-atomically sharp tip apex.
Subsequently, we positioned the tip above an Nc molecule
adsorbed on either a cobalt or copper step edge. To at-
tach Nc to the tip, the tunneling parameters were set
at −1 mV and 50 pA, and the the tip was carefully ap-
proached towards the molecule by a minimum of 200 pm.
Notably, molecular attachment was also possible with Nc
molecules adsorbed on the Co islands, employing tunnel-
ing parameters of 50 mV and 50 pA, and approaching
the tip by 350 pm. Details concerning Nc-tip character-
ization can be found elsewhere [31]. The dI/dV spectra
were recorded using a lock-in amplifier operating at a fre-
quency of 6.2 kHz and a modulation of 5 mV rms. The
d2I/dV 2 were recorded using a lower modulation of 500
µV rms.

Following the deposition of nickelocene, we initiated
the hydrogenation of the sample. Hydrogen molecules
constitute the predominant residual gas in the UHV
chamber. In our UHV environment, where the pressure
is < 5 × 10−11 mbar, hydrogen contaminates the Co
islands over time. Achieving the desired hydrogen
superstructure on the islands requires however an
“efficient” hydrogenation. This consists in increasing the
temperature of the cryostat to more than 17 K for less
than 1 hour in order to prompt the release of H2 from

the gold-plated copper walls of the STM cryostat [39].

Computational details
DFT calculations were performed using the VASP code
[40]. The PBE [41] form of GGA was used as an exchange
and correlation functional. Core electrons were treated
following the PAW method [42]. Two supercell struc-
tures were used, both representing epitaxially extended
Co bilayers on a (111) oriented Cu substrate. The first
one is a 2×2− (111) supercell including 2 layers of Co (4
Co atoms per layers) and 9 layers of underlying Cu (4 Cu
atoms per layer). It enables to achieve surface hydrogen
coverages between 0.25 and 1 ML by the addition of 1
to 4 hydrogen atoms in hollow sites. Possible insertion
in the most stable inner octahedral sites was also consid-
ered with 4 octahedral sites available at the CoCo and
CoCu interfaces, i.e. 8 in total or 12 including the hol-
low surface adsorption sites. The second geometry used
is the simple 1 × 1 − (111) supercell including 2 layers
of Co (1 Co atom per layer) and 9 layers of underlying
Cu (1 Cu atom per layer). In this case, the addition of
one hydrogen atom at the surface or at the CoCo and
CoCu interfaces in interstitial position, corresponds to
full hydrogen layers. A vacuum layer of 10 Å was al-
ways added in the direction perpendicular to the surface
in order to minimize interactions introduced by period-
ical conditions. In any case an energy cutoff of 500 eV
is used. Then for the 2 × 2 cell a 12 × 12 × 1 k-point
sampling was applied while a larger 30 × 30 × 1 k-point
sampling was used for the smaller 1×1-cell. Considering
pristine Co and full adsorbed or inserted H layers, we
checked that using one cell geometry or the other, with
its associated k-point set, led to the same magnetocrys-
talline anisotropy energies with an error of less than 20
µeV per atom.

Calculations are performed into two main steps fol-
lowing the magnetic force theorem [43], one involving
spin-polarized calculations in the collinear scheme and
the other including spin-orbit coupling. In the collinear
case, the supercell is relaxed along the z direction while
the lateral lattice constant is fixed to the one of Cu
(a = 3.635 Å, obtained after optimization of the cop-
per substrate alone) according to an epitaxial growth.
The positions of all atoms except for those in the two
bottom layers were relaxed (along z direction) until all
forces were smaller than 0.01 eV/Å and the total en-
ergy converged within an accuracy of 1 ·10−7 eV. At this
stage, the output charge densities are used to deduce the
spin-densities, whose maps are plotted with the VESTA
software [44], and STM images are simulated following
Tersoff-Hamann theory [45] using the STMpw code [46].
The same charge densities are also used in order to per-
form calculations including the spin-orbit interaction as
implemented in VASP [43].

The magnetocrystalline anisotropy energy (MCA) was
determined by rotating the spins according to different
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crystallographic directions. In our case, the spin-orbit
coupling was taken into account non-self-consistently for
the spin orientations corresponding respectively to in-
plane and out-of-plane magnetizations. Site- and orbital-
resolved energies are provided within the spin-orbit cal-
culations in VASP. More precisely, we get Esoc on each
ion which represents the accumulated energy contribu-
tion inside the augmentation sphere that is centered
at each ion position. In order to determine the to-
tal magnetic anisotropy, we add to the MCA the so-
called shape anisotropy, which results from magneto-
static dipole-dipole interactions and therefore depends
on the geometry of the system under study. In the case
of the infinite bilayers of the present work, this contribu-
tion Edd was evaluated numerically using the following
summation up to an in-plane cut-off radius of 150 Å [47]:

Edd =
µ0

8π

∑
i̸=j

1

|rij |3

[
mi ·mj − 3

(rij ·mi) · (rij ·mj)

|rij |2

]
The total MAE, between out-of-plane (⊥) and in-plane
magnetization (∥), is therefore given by the difference of
energies:

MAE = MCA + ∆Edd

= (EDFT
tot,⊥ − EDFT

tot,∥ ) + (Edd,⊥ − Edd,∥)

Using this latter equation leads to positive (negative)
values of MAE for in-plane (out-of-plane) orientation.
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M. Moaied, J. J. Palacios, C. Salgado, M. M. Ugeda,
J.-Y. Veuillen, F. Yndurain, and I. Brihuega, “Atomic-
scale control of graphene magnetism by using hydrogen
atoms,” Science 352, 437–441 (2016).

[8] P. Jacobson, M. Muenks, G. Laskin, O. Brovko, V. Stepa-
nyuk, M. Ternes, and K. Kern, “Potential energy-driven
spin manipulation via a controllable hydrogen ligand,”
Sci. Adv. 3, e1602060 (2017).

[9] M. Steinbrecher, W. M. J. van Weerdenburg, E. F.
Walraven, N. P. E. van Mullekom, J. W. Gerritsen,
F. D. Natterer, D. I. Badrtdinov, A. N. Rudenko, V. V.
Mazurenko, M. I. Katsnelson, A. van der Avoird, G. C.
Groenenboom, and A. A. Khajetoorians, “Quantifying
the interplay between fine structure and geometry of an
individual molecule on a surface,” Phys. Rev. B 103,
155405 (2021).

[10] B. Hjörvarsson, J. A. Dura, P. Isberg, T. Watanabe, T. J.
Udovic, G. Andersson, and C. F. Majkrzak, “Reversible
tuning of the magnetic exchange coupling in Fe/V (001)
superlattices using hydrogen,” Phys. Rev. Lett. 79, 901–
904 (1997).

[11] V. Leiner, K. Westerholt, A. M. Blixt, H. Zabel, and
B. Hjörvarsson, “Magnetic superlattices with variable in-
terlayer exchange coupling: A new approach for the in-
vestigation of low-dimensional magnetism,” Phys. Rev.
Lett. 91, 037202 (2003).

[12] D. Sander, W. Pan, S. Ouazi, J. Kirschner, W. Meyer,
M. Krause, S. Müller, L. Hammer, and K. Heinz, “Re-
versible H-induced switching of the magnetic easy axis
in Ni/Cu(001) thin films,” Phys. Rev. Lett. 93, 247203
(2004).

[13] K. Munbodh, F. A. Perez, C. Keenan, D. Lederman,
M. Zhernenkov, and M. R. Fitzsimmons, “Effects of hy-
drogen/deuterium absorption on the magnetic properties
of Co/Pd multilayers,” Phys. Rev. B 83, 094432 (2011).

mailto:limot@ipcms.unistra.fr
http://dx.doi.org/10.1038/s41563-018-0211-5
http://dx.doi.org/10.1038/s41563-018-0211-5
http://dx.doi.org/10.1021/acs.nanolett.0c00340
http://dx.doi.org/10.1126/sciadv.add0548
http://dx.doi.org/10.1103/PhysRevLett.114.106807
http://dx.doi.org/10.1103/PhysRevLett.114.106807
http://dx.doi.org/10.1038/nnano.2015.193
http://dx.doi.org/10.1038/nnano.2015.193
http://dx.doi.org/10.1038/ncomms9536
http://dx.doi.org/10.1038/ncomms9536
http://dx.doi.org/10.1126/science.aad8038
http://dx.doi.org/10.1126/sciadv.1602060
http://dx.doi.org/10.1103/PhysRevB.103.155405
http://dx.doi.org/10.1103/PhysRevB.103.155405
http://dx.doi.org/10.1103/PhysRevLett.79.901
http://dx.doi.org/10.1103/PhysRevLett.79.901
http://dx.doi.org/10.1103/PhysRevLett.91.037202
http://dx.doi.org/10.1103/PhysRevLett.91.037202
http://dx.doi.org/10.1103/PhysRevLett.93.247203
http://dx.doi.org/10.1103/PhysRevLett.93.247203
http://dx.doi.org/10.1103/PhysRevB.83.094432


8

[14] B. Santos, S. Gallego, A. Mascaraque, K. F. McCarty,
A. Quesada, A. T. N’Diaye, A. K. Schmid, and J. de la
Figuera, “Hydrogen-induced reversible spin-reorientation
transition and magnetic stripe domain phase in bilayer
Co on Ru(0001),” Phys. Rev. B 85, 134409 (2012).

[15] G. Chen, M. Robertson, M. Hoffmann, C. Ophus,
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