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Ionic control of magnetic properties, dubbed magneto-ionics, has gained much attention in recent years due to
the sizable effects that can be induced by electrically controlled ion motion. Here we assess the mechanism by
which hydrogen affects magnetic anisotropy in representative ferromagnetic/nonmagnetic metal layers. We take
Co/Pd film as a model system that is widely used in spintronics. First-principles calculations demonstrate that the
magnetic moment can be switched by 90° via hydrogen insertion at the Co/Pd interface. This control results from
hydrogen-induced changes in magnetic anisotropy originating from modifications to the electronic structure.
Accumulation of hydrogen at the Co/Pd interface affects the hybridization between neighboring Co and Pd
layers, leading to a decrease of the perpendicular anisotropy component, and eventually changes the net magnetic
anisotropy to in-plane. Hydrogen penetration into the interior Co layers has the opposite effect, promoting
perpendicular magnetic anisotropy. These changes are governed by competing contributions of the d.; d,2,,
and the 3d,>; 3d., states, which are mainly responsible for the perpendicular and the in-plane magnetocrystalline
anisotropy, respectively. By using this understanding, we predict that hydrogen accumulation at Fe/V interfacial

layers causes the opposite spin reorientation effect, promoting perpendicular magnetic anisotropy.
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I. INTRODUCTION

Magnetic anisotropy is one of the key properties of mag-
netic materials that determines a preferred spin orientation and
switching dynamics. The ability to manipulate magnetization
direction plays a crucial role in the development of spintron-
ics, including emerging spin-transfer [1] and spin-orbit torque
[2] memory devices. Therefore, new strategies to control mag-
netic anisotropy are in high demand. Previous investigations
demonstrated several ways to alter magnetization direction
by using applied mechanical stress [3], electric field [4,5],
electric polarization [6], or adsorption of chemicals [7].

Much of the recent studies have focused on the elec-
trical field control of magnetic anisotropy [8-10] in
ferromagnetic/heavy metal [11] and ferromagnetic/metal
oxide [12] multilayers. These materials exhibiting perpen-
dicular magnetic anisotropy (PMA) have traditionally gained
a lot of attention for practical applications such as high-
density magneto-optical recording media [13]. Perpendicular
magnetic anisotropy in these films originates from the
spin-orbit-coupling (SOC) interaction at the interface, while
magnetic anisotropy switching occurs due to modulation of
the electronic structure by applying an electric field [14].
However, the direct effect of an electric field in metallic layers
is quite small [4] because of the strong Coulomb screening,
which significantly limits the energy efficiency of this method.
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More recent investigations [10,15-17] have opened an
alternative mechanism for low-power gate-voltage switch-
ing of magnetization. This approach relies on the electrical
gating of mobile ionic species such as oxygen or hydro-
gen defects to effectively manipulate the interfacial magnetic
anisotropy. For instance, it was shown that electrical gating
to insert/extract hydrogen allows for reversible switching
of magnetic anisotropy in thin films made of ferromagnet
and nonmagnetic metal layers, such as Co/Pd [17]. At am-
bient conditions, these films show an easy magnetization
axis that is perpendicular to the film plane, while after hy-
drogen insertion, magnetization undergoes a 90° rotation to
become in-plane. The applicability of a Co/Pd heterostruc-
ture as low-pressure hydrogen sensors has also been recently
demonstrated based on the Hj,-dependent variation of mag-
netic anisotropy observed through ferromagnetic resonance
[18,19] or magneto-optic Kerr effect measurements [20]. In
addition to magnetic anisotropy, hydrogenation of magnetic
structures was employed to manipulate noncollinear magnetic
states by reversibly tuning the Dzyaloshinskii-Moriya interac-
tion [21,22] and stabilizing the formation of skyrmions (e.g.,
at the Fe/Ir interface [23,24]).

Previous investigations demonstrated that the effect of hy-
drogen intercalation on the magnetic properties varies with
hydrogen concentration and synthesis conditions. The under-
lying mechanism of magnetic anisotropy changes in relation
to the concentration and position of hydrogen is not yet
completely understood. In particular, a large set of experi-
mental investigations demonstrated that H, absorption leads
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to a reduction of PMA for nanopatterned Co/Pd films, alloys,
and multilayers [19,25]. It was hypothesized that the reduc-
tion of PMA could be attributed to magnetoelastic effects or
modification of the electronic structure and orbital moments
at the interface [26,27]. However, other studies revealed an
enhancement of PMA and coercivity for multilayered Pd/Co
nanopatterns [28] and alloys [29], at low hydrogen concentra-
tions.

To provide a mechanistic understanding of how hydrogen
induces changes in magnetic anisotropy, and thus to advance
our ability to control it, atomistic scale and theoretical calcu-
lations are desirable. In the present work, we have performed
density functional theory calculations to assess the mech-
anisms by which hydrogen affects the magnetic properties
of Co/Pd heterostructures. Our calculations have revealed
that hydrogen atoms accumulated at the interface modify
the strength of magnetic anisotropy through the modulation
of electronic d states. The resulting magnetic properties are
affected by hydrogen concentration and distribution profiles.
Furthermore, we showed that hydrogen gating could be ap-
plied to manipulate the magnetic properties of other materials
such as Co/Pt, Fe/Pd, and Fe/V thin films.

II. COMPUTATIONAL METHODS

Density functional theory (DFT) calculations were per-
formed using the projector augmented wave (PAW) method
as implemented in VASP [30]. We employed the gradient-
corrected exchange-correlation functional of the Perdew-
Burke-Ernzerhof revised for solids (PBEsol) [31]. An energy
cutoff of 500 eV and 12 x 12 x 1 k-point sampling were
used for atomic relaxations in the absence of spin-orbit cou-
pling (SOC) until the Hellmann-Feynman forces on each atom
became less than 5 meV/A. The calculated Co/Pd model
was composed of 4 Co layers sandwiched between 14 Pd
layers at both sides. In accordance with experimental data,
we assumed an epitaxial growth of fcc Co on an [111] Pd
substrate [32]. The in-plane lattice constant a of the supercell
was constrained to bulk fcc Pd, a = 3.871 A. The out-of-plane
lattice constant as well as other atomic coordinates were fully
relaxed. Hydrogen atoms are found to be stable at the octa-
hedral interstitial Pd and Co lattice sites. To simulate a wide
range of hydrogen concentrations, we used a 3 x 3 supercell
with hydrogen atoms randomly distributed across the Co/Pd
layers. Similar models were generated for (111) Co/Pt, (100)
Fe/(110) Pd, and (100) Fe/V trilayers, assuming an epitaxial
growth of magnetic layers on nonmagnetic metal substrates.
Additional details can be found in the Supplemental Material
[45].

Two sources contributing to the magnetic anisotropy
of the Co/Pd thin film are considered: magnetocrystalline
anisotropy (MCA) and magnetic shape anisotropy (MSA).
The first contribution is associated with electronic effects at
Co/Pd interfaces and derived directly from DFT calculations
including spin-orbit-coupling effects. Fully self-consistent
calculations of magnetic anisotropy energy are very com-
putationally demanding. Thus, we have first examined the
accuracy of non-self-consistent approaches [33], such as
many-body second-order perturbation treatment of the SOC
effect and force theorem, to evaluate magnetic anisotropy

energy. We have found that non-self-consistent methods
demonstrate reasonable accuracy to describe SOC effects in
the Co/Pd system (see Table S2 in the Supplemental Mate-
rial [45]), while the use of the fully self-consistent approach
is necessary for Co/Pt layers. Therefore, we used non-self-
consistent methods for the Co/Pd calculations described in
Secs. III A and III B, and fully self-consistent calculations
including SOC effects for the calculations of various metallic
trilayers discussed in Sec. III D. Both the fully self-consistent
and the non-self-consistent calculations were performed using
a24 x 24 x 2 k-point sampling. The accuracy of the magnetic
anisotropy energy calculations was validated by running simu-
lations with a finer mesh of 36 x 36 x 3 k point, which results
in a change of the magnetic anisotropy energy of less than
0.04 meV. Atom-resolved contributions to MCA are evaluated
based on second-order perturbation theory [34],
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where ko and ku specify the occupied and unoccupied states
with the wave vector k, L, and L, are angular momentum
operators, and &y, £x, are the orbital energies. In this work, we
also refer to the Bruno model, which describes a correlation
between magnetocrystalline anisotropy and orbital moments
for transition-metal atoms [35] and multilayered systems [36].
In the latter case, if exchange splitting is small and spin-flip
terms can be neglected, orbital moment anisotropy becomes
proportional to the MCA energy.

The second magnetic anisotropy term originates from a
classical magnetostatic (dipolar) interaction and is associated
with the shape of the magnetic sample. It was calculated
numerically based on DFT optimized structures and magnetic
moments using the following equation and cutoff radius of
150 A:
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The magnetocrystalline anisotropy and magnetic shape
anisotropy energies are calculated as a difference between en-
ergies corresponding to the magnetization in the in-plane and
out-of-plane directions [e.g., Eyca = (E1 — E})/S]. There-
fore, a negative (positive) value of MAE indicates the
out-of-plane (in-plane) easy axis.

II1I. RESULTS AND DISCUSSIONS
A. The origin of PMA in Co/Pd layers

We first investigated magnetic anisotropy at a pristine
Co/Pd interface and further used these results as a reference
to understand the origin of magnetic anisotropy changes after
hydrogen insertion. In accordance with previous experimental
data [32], our calculations showed that Co/Pd trilayers ex-
hibit pronounced magnetocrystalline anisotropy (MCA) with
—1.82 mJ/m? energy favoring the perpendicular orientation
of magnetic moments. The magnetic moment on Co atoms is
found to be in the range of 1.76-1.86 wp, while adjacent Pd
also acquires a weak magnetization corresponding to 0.28 g
per atom, which decays fast with decreasing proximity to the
interfacial Co layers [see Fig. 1(a)]. The local orbital moments
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FIG. 1. (a),(c) Layer-resolved magnetic and orbital moments and (b),(d) contributions to magnetocrystalline anisotropy (MCA) for
hydrogen-free and hydrogenated Co/Pd thin films as shown in the middle panel. Orbital-resolved contributions are shown for interfacial

atoms. Co atoms: blue; Pd atoms: gray; H atoms: pink.

of Co atoms at the interface have a strong anisotropy [see
Fig. 1(a)] with an orbital moment mgy = 0.092 up for the
in-plane and 0.123 pup for the perpendicular magnetization
orientation. These results agree well with the Bruno model
[35,36], which predicts a linear correlation between orbital
and magnetic anisotropies for systems with a low spin-flipped
contribution such as Co/Pd [37].

The important insights into the origin of MCA can be
obtained using second-order perturbation theory, which relies
on the electronic structure near the Fermi level [34]. As seen
from Fig. 1(b), interfacial Co and Pd layers strongly promote
perpendicular magnetic anisotropy, which originates from hy-
bridization between 3d Co and 4d Pd orbitals. In particular,
d,»_y» and d,, orbitals of interfacial Co and Pd atoms give the
largest contribution to magnetic anisotropy, in agreement with
the previous theoretical analysis [37].

Another very important impact on magnetic anisotropy
arises from the dipole-dipole interaction of magnetic mo-
ments, giving rise to magnetic shape anisotropy. To mimic
a planer trilayer of Pd/Co/Pd used in experiments [17], we
employed a Co/Pd supercell with a fixed number of Co
layers along the z direction and an infinite number of lay-
ers along the x and y directions. This model estimates a
shape anisotropy energy of 0.58 mJ/m? that favors an in-
plane orientation of the magnetic moments. Therefore, the
total magnetic anisotropy energy (MAE) calculated as a sum

of magnetocrystalline and shape contributions is equal to
—1.24 mJ/m? for four layers of Co.

Increasing the number of Co layers diminishes the absolute
value of MAE, causing anisotropy reorientation in thicker
films, as observed experimentally [32]. The MCA contribu-
tion does not show any significant dependence on the number
of Co layers, varying in the range of —1.75 to —1.85 mJ/m?
(see Fig. S1 in the Supplemental Material [45]), which con-
firms the interfacial origin of PMA. On the other hand, the
increased shape anisotropy contribution (—1.73 mJ/m? for
eight Co layers) becomes dominant for Co layers thicker than
~1 nm.

B. Effect of H insertion on magnetic properties of Co/Pd

To understand the effects of hydrogen insertion on the
magnetic properties of Co/Pd thin heterostructures, we first
considered a fully hydrogenated Co/Pd interface and further
investigated the magnetic properties for various hydrogen
concentrations and distribution profiles.

As is seen from Fig. 1(c), hydrogenation of the Co/Pd
interface leads to a reduction of the magnetic moments down
to 1.31 and 0.03 pp for interfacial Co and Pd atoms, respec-
tively. This is in a good agreement with recent experimental
studies of hydrogenated Co/Pd alloys [38], where a decreased
magnetization was observed after hydride formation. We also
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demonstrated that hydrogenation affects the orbital moments
of interfacial atoms, reducing perpendicular anisotropy and
promoting the in-plane component. In particular, the local or-
bital moment of interfacial Co reduces to 0.043 and 0.053 up
for out-of-plane and in-plane directions, respectively. In ac-
cordance with the Bruno model [35,36], an alteration of
orbital moment anisotropy causes rotation of the magnetic
moments. Our calculations confirm that magnetocrystalline
energy changes its sign and becomes equal to 0.57 mJ/m?,
favoring an in-plane orientation of magnetic moments.

A comparison between the layer-resolved decomposition
of magnetocrystalline energy before and after hydrogena-
tion [see Figs. 1(b) and 1(d)] demonstrates that magnetic
anisotropy switching is caused by two key changes in the
electronic structure. First is the sharply decreased contribu-
tion of d,, and d,>;,>. Second is the dramatically increased
occupancy of 3d,. and 3d;, Co orbitals at the interface with
Pd (see, also, Fig. S2 in the Supplemental Material [45]),
which promotes in-plane magnetocrystalline anisotropy. Si-
multaneously, the reduced magnetic moments diminish the
contribution of the shape anisotropy down to 0.32 mJ/m?.
This leads to a total anisotropy of 0.88 mJ/m? favoring in-
plane magnetization. We next show that the effect of hydrogen
incorporation into the Co/Pd lattice also depends on the hy-
drogen distribution and concentration profiles.

C. Hydrogen distribution profiles and concentration
effect on magnetic anisotropy of Co/Pd

Since the solubility of hydrogen in bulk Pd layers is known
to be considerably higher compared to that in bulk Co [19], we
first assumed that hydrogen accumulates in the Pd layers and
does not reach the interface with Co. However, in this case,
no significant changes of magnetic anisotropy were observed.
Our calculations revealed that the change in the electronic
structure decays very fast with the distance of the Co/Pd inter-
face to a hydrogen defect. The formation of PdH, three layers
away from the interface with Co does not considerably affect
the electronic structure of the interfacial atoms responsible for
magnetic anisotropy. Only a small reduction of MAE energy,
down to —1.19 mJ/m?, is observed, within the uncertainty
level of our calculation method.

Although Co does not form a stable hydride at ambient
conditions, our calculations revealed that hydrogen uptake of
thin Co layers in Co/Pd(111) superlattices could be consid-
erably higher compared to bulk Co. This significant increase
of hydrogen solubility in Co arises from the strain state of
the absorbing Co lattice in the Co/Pd layers, where Co has a
large lattice mismatch of ~9% with Pd. Recent experiments
confirmed that four monolayers of Co epitaxially grown on
Pd(111) experience a large strain of 4-6%, while a gradual
relaxation of the strain takes place for thicker films [39]. Our
calculations showed that the absorption energy of H in the
fcc Co lattice increases with lattice expansion from —0.02 to
—0.49 eV for freestanding strain-free (3.55 A) and epitaxially
strained (3.85 A) Co layers, respectively (see Fig. S2 in the
Supplemental Material [45]). Assuming a coherent epitaxial
growth, absorption of H in Co, Pd, and Co/Pd layers appears
to be almost homogeneous with an energy difference less than
0.1 eV (see Table S1 in the Supplemental Material [45]).
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FIG. 2. Magnetic anisotropy energy (MAE) of a Co/Pd trilayer
as a function of hydrogen concentration, assuming (a) homoge-
neous distribution of hydrogen and (b) accumulation of hydrogen
at the Co/Pd interface. MAE calculated as an average value of
five sampling configurations; error bars correspond to mean-square
displacement.

Therefore, we can reasonably assume that hydrogenation of
highly textured Co/Pd layers could lead to the formation of
CoH,, similar to what was reported for Co-containing com-
pounds hydrogenated using an arc discharge method [40].
Assuming a homogeneous distribution of hydrogen atoms
within the Co/Pd interface, we calculated the dependence of
magnetic anisotropy on hydrogen concentration, as shown in
Fig. 2(a). At small concentrations, H insertion enhances PMA,
leading to MAE of 1.47 mJ/m? for H per metal atom (H/M)
equal to 0.2. On the other hand, larger concentrations of
hydrogen provoke reduction of PMA and eventually causing
anisotropy switching at concentrations of ~0.7 H/M. The
nonmonotonic dependence of the magnetic properties on H
concentration is caused by competing contributions arising
from two factors: H atoms at the interface and hydrogenation
of the interior Co layer. We found that hydrogen insertion
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at the interface between Co and Pd atoms diminishes PMA,
affecting hybridization between 4d Pd orbitals and 3d or-
bitals of Co as described above. Hydrogenation of interior
Co produces the opposite effect. These findings can help
to reconcile the contradicting experimental data, where both
PMA enhancement and reduction were observed depending
on hydrogen concentration and material texture [28,29].

While the assumption of epitaxial growth is an appealing
theoretical idealization, real Co films show some deviations
from perfect epitaxial growth [32,39]. The substantial lattice
mismatch may cause an introduction of interfacial disloca-
tions to reduce the stress in interior Co planes. To address this
scenario, we considered accumulation of hydrogen atoms only
at the Co/Pd interface.

As is seen in Fig. 2(b), hydrogen accumulation at a single
interface leads to a significant reduction of PMA. However,
anisotropy switching is not observed even for high H concen-
tration due to the significant impact of the second unaffected
Co/Pd interface. To achieve anisotropy switching, one has to
consider the presence of hydrogen atoms at both Co/Pd inter-
faces, which could be driven by H diffusion through a thin Co
layer as observed experimentally [17]. In this case, anisotropy
switching occurs at the moderate H/M concentration of ~0.4—
0.5. These changes are followed by a reduction of magnetic
moment for both Co and Pd atoms in the vicinity of H defects.
An absorbed H atom reduces the magnetic moment of the
nearest Co atoms by ~0.1 up for a dilute concentration, while
a more significant reduction of 0.6 pp is observed for a fully
hydrogenated Co/Pd interface.

D. Effect of H insertion at the interface of various FM/NM
trilayers

Using fully self-consistent calculations including the SOC
effect, we carried out a screening of various trilayers made of
a ferromagnet (FM= Co or Fe) a nonmagnetic metal (NM=
Pd,Pt,V) commonly used in spintronics. We calculated their
response to hydrogenation of interfacial layers. We limited
our calculations to high hydrogen concentrations and assumed
accumulation of hydrogen only at the interface between FM
and NM materials, as shown in Figs. S3 and S4 in the Supple-
mental Material [45].

As is seen in Fig. 3, our calculations predict PMA for
Co/Pd, Co/Pt, and Fe/Pd trilayers in accordance with previ-
ous experimental studies [13]. The analysis of orbital-resolved
contributions (see Fig. S6 in the Supplemental Material [45])
to the magnetocrystalline anisotropy energy of (100) Fe/(110)
Pd indicates that out-of-plane anisotropy is governed by a
contribution from d, and d,2 > orbitals similar to the (111)
Co/Pd system discussed above. Hydrogen accumulation at
the Co/Pt and Fe/Pd interfaces also causes spin reorientation
from out-of-plane to in-plane at high hydrogen concentra-
tions, which corresponds to positive MAE values, as shown
in Fig. 3. The most pronounced effect was observed for the
(100) Fe/(110) Pd trilayer, which demonstrates strong in-
plane anisotropy after hydrogenation. Therefore, a relatively
small amount of hydrogen at the interface could cause 90°
rotation of the Fe magnetic moment, as was recently ob-
served experimentally for Fe/Pd multilayers in a hydrogen
atmosphere [41]. While our calculations also predict magnetic
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FIG. 3. Magnetic anisotropy energy for various ferromagnetic/
nonmagnetic thin-film trilayers before and after hydrogen inser-
tion. The thin-film composition is 4 ML FM/14 ML NM. The
magnetocrystalline contribution was calculated using the fully self-
consistent approach.

anisotropy switching for Co/Pt, low solubility of H in Pt [42]
significantly limits its practical applications.

We have assessed an alternative nonmagnetic metal that
has high solubility of hydrogen in its bulk: vanadium [43].
The Fe/V trilayer was chosen as a representative system
showing in-plane magnetic anisotropy [44] to investigate the
effect of hydrogen insertion. We found that in-plane mag-
netic moment orientation of 4 ML Fe/14 ML V is driven by
both the shape (0.72 mJ/m?) and in-plane magnetocrystalline
anisotropy (0.79 mJ/m?) components for the hydrogen-free
model considered here. In contrast to the Co/Pd trilayers
considered above, H absorption in Fe/V promotes perpen-
dicular anisotropy. Our DFT calculations indicate that total
magnetocrystalline energy decreases down to —0.88 mJ/m?
upon hydrogenation, which also correlates with orbital mo-
ment anisotropy switching (see Fig. S5 in the Supplemental
Material [45]). In spite of slightly increased shape anisotropy
of 0.77 mJ /m?, the negative total magnetic anisotropy energy
of —0.11 mJ/m? confines the magnetization to the out-of-
plane direction, as shown in Fig. 3. As was discussed above,
the main driving mechanism for magnetization switching is a
change in the electronic structure near the interface. In the
case of Fe/V trilayers, hydrogenation causes an increased
contribution from d._, d,, orbitals (see Fig. S5 in the
Supplemental Material [45]), which promotes perpendicular
anisotropy in accordance with second-order perturbation the-
ory [34].

IV. CONCLUSIONS

In summary, using first-principles calculations, we have
resolved the effects of hydrogenation on magnetic properties
of representative ferromagnet/nonmagnetic metal thin-film
trilayers. In particular, we found that anisotropy switching
in Co/Pd thin films is associated with a change in the 3d
Co and 4d Pd orbital occupation caused by H intercalation,
and both the position and the concentration of hydrogen
affect the resulting behavior. First, hydrogen accumulation at
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Co/Pd interfaces leads to a reduction of perpendicular mag-
netic anisotropy and further magnetic anisotropy switching
to the in-plane direction. Second, progressive intercalation of
hydrogen into the interior Co layers enhances perpendicular
magnetic anisotropy. These two competing contributions can
explain a nonmonotonic dependence of the magnetic coercive
field on hydrogen concentration that was previously observed
experimentally [28,29].

Furthermore, we demonstrated that hydrogenation of
Co/Pt and Fe/Pd thin-film heterostructures may also cause
spin reorientation, leading to in-plane anisotropy. We predict
the opposite effect for Fe/V trilayers, which demonstrate
a spin reorientation transition from in-plane to out-of-plane
after hydrogen insertion. Hydrogenation appears to be a
powerful tool to manipulate the magnetic properties of

ferromagnet/nonmagnetic metal layers. Our results advance
the understanding of how hydrogen couples to the inter-
face electronic structure locally in manipulating the magnetic
anisotropy, and will stimulate further experimental advances.
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