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ABSTRACT: Hydrogenation-induced modification of magnetic properties has been
widely studied. A Mg spacer layer with high hydrogen storage stability was clamped in
a Pd/Co/Mg/Fe multilayer structure to enhance its hydrogen storage stability and
explore the structure’s magneto-transport properties. After 1 bar hydrogen exposure,
the formation of a stable MgH2 phase was demonstrated in an ambient environment at
room temperature through X-ray diffraction. Lower magnetic coupling and enhanced
magnetoresistance, compared to those of the as-grown sample, were observed using
the longitudinal magneto-optical Kerr effect and a four-probe measurement. In this
study, the hydrogenation stability of ferromagnetic multilayers was improved, and the
concept of a hydrogenation-based spintronic device was developed.

■ INTRODUCTION
Magnetism and spintronics have been studied for several
decades. Magnetic storage and magnetic random-access
memory devices based on the giant magnetoresistance (MR)
effect and tunneling MR have caused substantial evolution in
the storage industry.1−7 The use of different alloys or layer
thicknesses is usually effective in controlling magnetic
properties such as coercivity (Hc) and magnetic anisotropy.
However, once a device has been fabricated, changing its
magnetic properties, including enhancing its MR or altering
the magnetic easy axis or Hc, is difficult.8,9 Hydrogenated
magnetism has been extensively studied for decades.10−12 The
effect of hydrogen on magnetic properties such as easy axis
rotation, Hc modification, and magnetic anisotropy control has
been extensively examined.13 Pd is a popular hydrogen storage
material because of the highly catalytic H2 dissociation of the
Pd−H system at room temperature (RT).14 Because of the
high hydrogen sensitivity15,16 and high magnetic susceptibility
of a Pd system, Pd hydride can effectively induce electron
exchange in magnetic materials and indirectly affect their
magnetism.17−19 However, a Pd system is not sufficiently
stable to preserve the hydrogen in the crystal lattice at RT and
is only suitable for hydrogen sensor development. Additionally,
the high cost and low production of Pd make it unfavorable for
industrial applications. Mg, by contrast, is a promising
candidate for potential H2 storage materials because of the
high stability and hydrogen content of MgH2.20−22 Hydrogen
can be stably stored in MgH2 at RT. Mg is a low-cost and low-
weight material.23 However, the hydrogenation of Mg is
challenging, requiring high temperatures (at least above 600 K)

and a high-pressure hydrogen environment.24−26 Pd and Mg
were both used in this experiment because they serve different
functions. Mg is an attractive candidate for hydrogen storage at
RT. Meanwhile, Pd is a highly efficient catalyst for hydrogen
dissociation. When a Pd capping layer is added to Mg, the RT-
formation of MgH2 is possible with just 1 bar of H2 gas. In this
study, we examined an alternative approach that involved
capping Pd on Mg to facilitate hydrogen diffusion into Mg at
RT at 1 bar hydrogen pressure. Through careful comparison of
samples before and after H2 exposure, the hydrogenation of
Mg and its influence on the magnetic properties, such as Hc
modification and spin-dependent transport properties, of a Pd/
Co/Mg/Fe device were investigated.

■ EXPERIMENTAL METHOD
The Pd(5 nm)/Co(3 nm)/Mg(25 nm)/Fe(10 nm) multilayer
sample, as shown in Figure 1a, was deposited on c-sapphire
Al2O3(0001) substrates at RT through e-beam evaporation
under ultrahigh vacuum at 5 × 10−9 mbar. The bottom
electrode (Fe) and the top electrode (Pd/Co/Mg) were
patterned into a 200 × 3000 μm stripe through shadow
masking, and the top Pd capping layer protected the
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underlayers from oxidation and catalyzed the absorbed H2 into
hydrogen atoms for further diffusion to the Mg layer.

In this study, the hydrogenation of Pd/Co/Mg/Fe is
achieved by direct exposure to H2 gas under the gas pressure
of 1 bar at RT in a chamber, which is pre-vacuumed to a base
pressure of 5 × 10−5 mbar. The magnetic properties were
characterized using the longitudinal magneto-optical Kerr
effect (L-MOKE) at a base pressure of 5 × 10−5 mbar and 1
bar H2, respectively. In-plane (IP) hysteresis loops were
measured using vibrating sample magnetometry (VSM) at
atmospheric pressure before and after hydrogenation to further
verify the magnetic properties of the hydride sample. The thin-
film structure was characterized using X-ray diffraction (XRD)
to verify the effects of hydrogeneration. MR was measured
using a four-probe measurement with a current source
(Keithley 2400) and voltage meter (Keithley 2000) in ambient
conditions with and without 1 bar H2 exposure under an
external IP magnetic field to reveal the influence of
hydrogeneration on the sample’s magneto-transport properties.

■ EXPERIMENTAL RESULTS
A schematic of the sample geometry (upper figure) and
enlarged layer structure with hydrogen gas exposure (lower
figure) is shown in Figure 1a. The top Pd layer dissociated H2
molecules into H atoms on its surface and facilitated the
diffusion of H atoms through the Co interlayer to the Mg layer,
which lowered the temperature and pressure required for H
absorption to form Mg hydride.27 The red and blue curves
shown in Figure 1b indicate the hysteresis loops measured at
the junction area using L-MOKE in a vacuum and a H2
environment, in which typical two-step pseudo-spin valve
behavior was observed; however, the hysteresis loops measured
in a vacuum (red curve) demonstrated a small window of
antiparallel (AP) magnetization alignment of the two
ferromagnets (FMs). By contrast, the hydrogenated sample
exhibited a broadened AP state indicated by the AP blue and

light green arrows shown in Figure 1b. The suddenly enhanced
Kerr intensity may be attributable to the Kerr rotation
angle.28,29 The variation in coercivity of Fe (Hc1) and Co
(Hc2) as a function of the angle to the applied magnetic field,
where theta = 0° is along the Fe electrode, is shown in Figure
1c,d. After exposure to H2 gas, Hc1 decreased from 80.5 to 75.5
Oe, whereas Hc2 exhibited an opposite trend, increasing from
229 to 395 Oe. The lower Hc1 and higher Hc2 values could be
easily distinguished because Fe was the soft ferromagnet and
Co was the hard ferromagnet.31 Because the orientation of the
deposition source was parallel (P) to the Al2O3(0001)
substrate and the angular independent Hc, as shown in Figure
1c,d, the junction of the Pd/Co/Mg/Fe multilayer sample was
magnetically isotropic.

A stable AP configuration window of magnetization of the
two FM layers is crucial for device application which is
attributed to magnetic memory devices’ writing and reading
the data. Therefore, a minor loop measurement was
importantly performed to examine the AP stability of the
samples before and after hydrogenation. In Figure 1e,f, the
yellow and light blue lines exhibit the major loops that
correspond to the vacuum and hydrogenation curves shown in
Figure 1b. In Figure 1e,f, the dark blue and green curves
represent the field alternating between positive and negative
magnetic saturation fields, respectively. The magnetic field
range for the dark blue and green minor loops in Figure 1e,f
extends from 1000 to −200 Oe and from −1000 to 200 Oe,
respectively. As shown in Figure 1e,f, the minor loop of the
sample measured under H2 exposure revealed a more
symmetric and stable AP configuration that was more favorable
for device application. To further identify the effect of
hydrogenation on the magnetic properties of the FM layer,
we also measured the Hc variation on the bottom Fe electrode
without the Mg, Co, and Pd capping layer, as shown in Figure
1g. The MOKE results demonstrated that Hc remained
constant before and after H2 exposure. We propose that the

Figure 1. (a) Schematic of the cross-bar patterned structure (upper) and enlarged junction area (lower) showing a layer sequence of the Pd(5
nm)/Co(3 nm)/Mg(25 nm)/Fe(10 nm) sample geometry on exposure to H2 gas at RT. (b) MOKE hysteresis loops in vacuum and a H2
environment. (c, d) Dependence of coercivity of Fe (Hc1) and Co (Hc2) at various magnetic field orientations upon exposure to H2. (e, f) Minor
MOKE hysteresis loops before and after hydrogenation. (g) Hysteresis of the Fe electrode after exposure to 1 bar H2 gas.
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hydrogen diffused from the Pd layer to the Mg layer between
the Co and Fe layers, converting Mg to MgH2. Therefore, the
Mg hydride in the Pd/Co/Mg/Fe system not only stored H2
but also affected the top and bottom magnetic layers.

The way to determine Hc is to take the Kerr intensity
corresponding to the positive (I+s) and negative (I−s)
saturation magnetization of the hysteresis curve. We obtain
the average Kerr intensity IHc = (I+s + I−s)/2. Then the external
field Hex corresponding to the IHc value is identified as the
coercive field Hc. For example, the positive and negative
saturation magnetic field chosen for the determination of Hc1 is
around +1000 and −132 Oe, as shown in Figure 1c. The
chosen saturation field for Hc2 is approximately −132 and
−1000 Oe, as shown in Figure 1d. Accordingly, I+s, I−s, and IHc,
as well as Hc, are sequentially determined. After the
hydrogenation effect, the saturation magnetic field chosen for
Hc1 is around 1000 and −80 Oe, as shown in Figure 1c; the
chosen saturation field for Hc2 is approximately −80 and
−1000 Oe, as shown in Figure 1d, respectively. For the
detailed analysis, the error bars are added in Figure 1c,d. The
error bars in Figure 1c represent the uncertainties in the values
of the applied magnetic field. The hysteresis loop measure-
ments were conducted at a field interval of 5 Oe, and the error
bar represents the range of ±2.5 Oe around the median value.
Similarly, in Figure 1d, the hysteresis loops were measured at a
field interval of 10 Oe, resulting in the uncertainty of a
magnetic field value of ±5 Oe. In Figure 1d, the error bars are
smaller than the data markers, indicating a relatively small level
of uncertainty as compared to Hc2. This also allows for clear
observation and analysis of the changes in Hc2. On the other
hand, the Hc1 change shown in Figure 1b is tiny to observe
after the hydrogenation. Although the change in Hc1 is close to
the error bar in Figure 1c, all of the data points show the
consistent 5 Oe-reduction after hydrogenation. In contrast to
Figure 1c measured in the junction area, the invariant Hc in
Figure 1g is straightforward because it is measured from a bare
Fe electrode without a Pd covering, on which there should be
no hydrogenation effect.

In addition to the proposed decoupling effect induced by
MgH2 between the Co and Fe layers, a potential factor
contributing to the observed change in the Hc2 of Co, as
depicted in Figure 1d, could be attributed to the hydro-
genation effect at the Co/Mg interface. This effect may arise
from various factors, such as the potential formation of
hydrides within the interfacial Co-Mg alloy or the structural
and electrical proximity between Co and MgH2 at the
interface. The simultaneous impact of MgH2-induced magnetic
decoupling and interfacial proximity effect in Co/MgH2 on
modulating the Hc of Co poses a challenge in confirming their
individual contributions.

The hysteresis loops measured using IP MOKE and VSM in
air after H2 absorption are shown in Figure 2a,b. Because the
MOKE intensity depends heavily on the relative orientation of
the magnetization of magnetic layers and the polarization of
light,32 the hysteresis loops responded qualitatively to the
changes in magnetization. To further understand why the
MOKE hysteresis curve demonstrated a higher Kerr intensity
of the Fe layer after hydrogenation, VSM analysis was
conducted to quantitatively illustrate the magnetic behaviors
of the Pd/Co/Mg/Fe multilayer. The cycling of MOKE
intensity with the applied magnetic field is shown in Figure 2a.
The hysteresis loop displayed typical spin valve-type character-
istics at RT. As the magnetic field swept from a positive field to

the Hc1 value, for example, from 1000 to −70 Oe, the MOKE
intensity remained almost constant when the magnetizations of
the FM electrodes were P. When the magnetic field exceeded
−70 Oe, the magnetization of the Fe layer changed, causing
higher MOKE intensity because of the AP configuration of the
Fe and Co layers. With further sweeping of the magnetic field
from −Hc2 to the negative magnetic saturation, the MOKE
intensity decreased until the magnetization of the two
magnetic layers was aligned (blue and light green arrows).

In our previous study, the CoPd alloy thin-film exhibited a
Kerr intensity decrease by hydrogenation.28 Considerable
changes in the magneto-optical properties were observed.
Correspondingly, the Kerr hysteresis loops considerably
changed as well. Moreover, the hydrogenation effect on the
Kerr signal is also obtained in the Pd/Fe bilayer.29 The
extinction angle was shifted after hydrogenation, indicating the
variation of Kerr rotation. These changes result in the change
of Kerr intensity and the possible reversion of the Kerr
hysteresis loop, if the shift of the extinction angle is large
enough. In Luo et al.’s study on Co/Pd(110), the Kerr

Figure 2. (a, b) MOKE and VSM hysteresis loops of the sample in air
after absorbing 1 bar H2 gas at RT. (c) XRD pattern of the sample
after hydrogenation, indicating MgH2 formation. The inset displays
the wide-range XRD pattern, highlighting the discernible peaks.
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hysteresis loops are reversed below 2.7 ML with respect to
those of thicker Co films.30 This is attributed to the mixture of
the negative Kerr rotation from the Co/Pd interface and the
positive polar Kerr rotation from the non-interface part of the
Co film.30 Their observation and discussion imply that the
hydrogenation process could very possibly change the optical
properties of the multilayers and result in the reversion of Kerr
signals. Figure S1 in the Supporting Information illustrates the
possible mechanisms in the Kerr signal revision. The diagrams
in Figure S1a show the initial state of Fe and Co layers. The
parabolic curves represent the detected light intensity plotted
as a function of the analyzer angle φ under positive and
negative saturation (+Ms and −Ms). The dashed line indicates
a possibly chosen analyzer angle in the measurement of the
Kerr hysteresis loop. When the analyzer angle is fixed and the
magnetic field is scanned, one can measure the intensity
difference between +Ms and −Ms, as indicated by a triangle
and square, respectively. This intensity difference corresponds
to the Kerr signal in the hysteresis loop, as displayed in the
insets. Through the superposition of the Kerr signal from Fe
and Co, the entire hysteresis loop shows the normal two-step
switching. The diagrams in Figure S1b illustrate the possible
conditions of Fe and Co layers after hydrogenation. The
parabola curves of Co may shift and the Kerr rotation may
reverse, like the observation of Luo et al.30 As a result of the
Kerr signal reversion, the bottom Fe layer could reveal the
inversed hysteresis loop. Accordingly, the entire hysteresis loop
by superposition of Fe and Co could exhibit the anomalous
two-step switching behavior, as shown in the bottom of Figure
S1b, similar to the measurement result shown in Figure 2a.

VSM measurements of the quantity of the magnetization
variation of the Pd/Co/Mg/Fe multilayer as a function of the
magnetic field after H2 absorption and the blue and light green
arrows corresponding to the magnetization direction are clearly
shown in Figure 2b. Magnetization decreased from approx-
imately 400 to −200 emu/cm3 during the reversal of the field
at the Hc1 value, which corresponded with the magnetization
reversal of the thicker 10 nm Fe layer; the change from −200
to −400 emu/cm3 indirectly demonstrated the second
magnetization reversal of the thinner 3 nm Co layer. The
hysteresis loop measured using VSM (Figure 2b) demonstrates
the layer-related MOKE intensity variation shown in Figure 2a.
The green and blue dashed lines indicate Hc1 and Hc2,
demonstrating the Kerr intensity increase due to the change in
the Kerr rotation angle corresponding to the AP alignment of
magnetization between Fe and Co, which illustrates the
extended AP states caused by hydrogenation, as shown in
Figure 1.

Figure 1g shows that the Hc of Fe is around 50 (Oe),
regardless of whether it is in a thin-film-type or a device-type
sample. This indicates that in Figure 1, the small Hc (<100 Oe)
belongs to the Fe layer and the large Hc (>200 Oe) belongs to
the Co layer. Furthermore, based on the VSM hysteresis loop
for the Pd/3 nm Co/Mg/10 nm Fe structure, as shown in
Figure 2b, the magnetic moment of the small Hc is more than
three times that of the large Hc. Considering that the Fe and
Co thicknesses are 10 and 3 nm, respectively, it is reasonable
to conclude that the significant signal drop during M-reversion
with a small Hc can be attributed to the Fe layer.

To explore the effect of hydrogen on the structure of the
multilayer thin films, XRD analysis was undertaken. The inset
of the XRD results displays a wider range and reveals
additional elements present in the device. The presence of

the Fe layer influences the growth structure of the upper Mg
layer, leading to the formation of an amorphous phase.
Consequently, the XRD data did not indicate evidence of
crystalline Mg in the device. The XRD results of the
hydrogenate sample, where the peaks at 40.3, 41.8, and 44.5°
represent the MgH2(002), Al2O3(0006), and Co(002) phases,
respectively, are presented in Figure 2c. No pure Mg peak was
recorded after 1 bar hydrogen exposure, which is consistent
with previous studies and indicates that the hydrogen exposure
caused hydrogenation of the Mg layer.33 Moreover, MgH2 was
detected in the sample stored in a chamber with a base
pressure of 5 × 10−5 mbar after 2 months, indicating that Mg
can effectively be used to store hydrogen at RT for a long
duration. Studies have demonstrated that hydrogenation affects
the optical properties of some hydride materials such as
MgH2.

34−36

In the previously reported XRD data of hydrogenated Pd/
Co/Mg/Al2O3(0001),33 initially the pure Mg(0004) peak at
34.4° was visible. After hydrogenation, the Mg(0004) peak
disappeared and was replaced by the MgH2(200) phase at
40.3°. In the investigation of the present sample Pd/Co/Mg/
10-nm Fe/Al2O3(0001), the presence of the bottom Fe layer
influences the growth structure of the upper Mg layer, leading
to the formation of an amorphous phase. Consequently, the
XRD data does not show any observable crystalline feature of
Mg. Correspondingly, the intensity of the MgH2(200) peak
formed is weaker, as compared to the previous data of Pd/Co/
Mg/Al2O3(0001), possibly because of the presence of the
amorphous Mg layer.

■ DISCUSSION
MOKE, VSM, and XRD analysis confirmed the hydrogenation
of the multilayer structure through characterization of the
hysteresis loops and the crystalline structure. This transport
behavior has considerable application potential because the
structure of the Pd(5 nm)/Co(3 nm)/Mg(25 nm)/Fe(10 nm)
multilayer is identical to that of pseudo-spin valve devices.
Figure 3 presents the measured magneto-transport properties,
illustrating the resistance response to the applied magnetic
field. In Figure 3a, the pseudo-spin valve was constructed with

Figure 3. (a) Schematic of the MR measurement configuration. (b)
MR curve before and after hydrogenation of the multilayer sample.
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the hydrogenated Mg spacer sandwiched between two
perpendicular ferromagnetic electrodes, in which Fe served
as the soft FM layer and the Co layer above served as the hard
layer. The MR characteristics were measured in the current-
perpendicular-to-the-plane configuration using the four-probe
method with a bias voltage applied on the top electrode and
the bottom electrode grounded.

The hydrogenation effect on the Pd/Co/Mg/Fe multilayer
structure was further demonstrated by its MR before and after
the exposure to 1 bar H2. The samples were all measured
under ambient conditions. The resistance curves demonstrate
the typical pseudo-spin valve-type characteristics with a
magnetoresistive ratio defined as

= × = ×R
R

R R
R

MR% 100% 100%
P

AP P

P (1)

where RP and RAP represent the resistances with the
magnetizations of the two FM electrodes in the P and AP
configurations, respectively.

The MR loop of the sample is shown in Figure 3b, exhibiting
typical pseudo-spin valve characteristics both in air (blue
curve) and after H2 absorption (solid black curve). Both MR
measurements are finished in the air. The magnetic field was
swept between 1000 and −1000 Oe, with the blue and light
green arrows in the figure indicating the direction of the
magnetization flipping. The numbers on the blue arrows
indicate the measurement sequence of the MR curve. When
the field decreased gradually from 1000 across the zero field,
the magnetization of two FM layers remained P. The resistance
increased with the decreasing field, demonstrating that the
magnetization of part of the Fe domain was changing direction,
which caused higher scattering probability for the spin-
polarized electron transport from the Co layer to the Fe
layer, and therefore, the resistance increased. While the field
continued sweeping to the negative, crossing the Hc1 value, the
magnetization of Fe switched along the field direction to the
opposite direction of the magnetization of the Co layer,
causing an AP state. The resistance reached its highest value as
the direction of the magnetization of Fe entirely switched to
the opposite of that of Co in the AP state. Subsequently, the
resistance decreased with increasing field until the direction of
magnetization of Co completely switched to the field direction
at −1000 Oe, reconstituting the P state. During the positive
field sweeping, the magnetization underwent the same process,
causing a symmetrical MR loop.

Demonstrating the effect of hydrogenation on the sample,
the MR curve was clearly broader after hydrogenation than in
air. The MR ratio also increased by 36% from 0.22 ± 0.01%
(air) to 0.30 ± 0.01% (H2). The MR curve of the pseudo-spin
valve with the hydrogenated MgH2 spacer exhibited a
broadened loop (step number 3). This may be attributable
to the enhancement and reduction of the coercivity of Co and
Fe, respectively, which is consistent with the MOKE results
shown in Figure 2.

According to the previous reports, magnesium hydride has a
high volumetric density of 1.58 g/cm3 and a volumetric
hydrogen density of 0.11 g/cm3.26,37 The formation of MgH2 is
also detected by the XRD analysis. More importantly, the
increase in resistance is attributed to the formation of MgH2 at
the interface between Pd and Mg.38 Based on the
aforementioned results, we hypothesize that the formation of
MgH2 and its high hydrogen capacity in the device increase the
spin scattering probability during the flow of electrons through

the junction, which enhances the MR ratio. Furthermore, the
MR curve in Figure 3 exhibits two significant changes: an
increase in the MR ratio and a broadening of the MR curve.
The presence of MgH2 at the interface has been verified
through XRD analysis, suggesting a potential augmentation in
the spin scattering probability and subsequent enhancement of
the MR ratio.38 Besides, the broadening of the MR curve is
probably attributed to the CoMg-H formation at the interface
between Co and Mg layers. The interfacial effect substantially
heightened the Hc of the Co layer, resulting in a distinctly well-
defined AP state within the spin valve. Consequently, this may
also lead to an augmented MR ratio.

Additionally, in an ambient environment, the MR ratio of
the Pd/Co/Mg/Fe multilayer device increased after the
absorption of H2, indirectly demonstrating that hydrogen
could be stably stored in Mg in the form of MgH2. The high
stability and high hydrogen storage capability of MgH2 make
the Mg-based pseudo-spin valve favorable for device
application.

In contrast to the hydrogenation effect, it is also interesting
to investigate the dehydrogenation effect on magnetism.
However, the desorption of hydrogen from MgH2 requires
high-temperature annealing at least above 600 K,24,26 which
could potentially alter or even damage the magnetic multilayer
device of Co/Mg/Fe. Additionally, the annealing process can
lead to more interlayer diffusion and alloy formation, further
complicating the situation. As a result, the desorption effect is
inevitably coupled with a more severe annealing effect,
resulting in a complex situation. Therefore, investigation of
the dehydrogenation effect is not suitable for this system.
Instead, the voltage or current-driven migration of hydrogen
will be carried out in the future work. This could potentially
alter the hydrogen distribution and the device properties.

■ CONCLUSIONS
In summary, the magnetic properties, crystal structure, and MR
in a Pd/Co/Mg/Fe multilayer were examined to study the
effect of hydrogenation on interlayer coupling and magneto-
transport properties using L-MOKE, VSM, and a four-probe
analysis. The results indicate that the process of hydrogenation
can effectively enhance the Hc of the Co layer and, in turn,
decrease the Hc of the Fe layer, with the formation of MgH2.
This broadens the AP window for device applications.
Accordingly, the MR ratio increased from 0.22 ± 0.01 to
0.30 ± 0.01%, which also suggests that MgH2 may have
increased spin scattering probability, helping to preserve spin-
dependent transport properties. This study revealed a
significant pathway toward applying hydrogenation in spin-
tronic devices.
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