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Exchange-bias dependent diffusion rate of hydrogen discovered from evolution of hydrogen-induced
noncollinear magnetic anisotropy in FePd thin films
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Hydrogenation-induced noncollinear magnetic anisotropy is observed from the evolution of the magnetic
domains in FePd alloy thin films using magneto-optic Kerr effect (MOKE) microscopy. MOKE images reveal
complicated competitions between different magnetic anisotropies during hydrogen diffusion into the film. An
intriguing enhancement of the hydrogen diffusion rate due to the presence of an initial exchange bias induced by
a high magnet field is thereby discovered, pointing to an additional scope of controllability of magnetic metal
hydrides as potential future hydrogen sensing and storage materials.
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I. INTRODUCTION

The demand for stable hydrogen sensing and storage ma-
terials is growing because of increasing importance of fuel
cell applications. Among the proposed hydrogen sensors,
metal-hydride systems have been widely studied in the last
decades, because hydrogenation of metals can modify the
morphologies, crystalline structures, or electronic structures,
leading to modulated optical and magnetic properties [1–3].
Therefore, hydrogenated metallic thin films are considered as
potential functional materials in high-tech applications [2].
Pd, in particular, are often incorporated in metal hydrides as
a catalyst to facilitate hydrogen absorption and desorption
[2,4–6]. Combinations of Pd layers and other functional thin
films, such as Co/Pd based devices, are being investigated for
their hydrogenation effects. As hydrogenation is found to be
able to manipulate noncollinear magnetic states by reversibly
tuning the Dzyaloshinskii-Moriya interaction [7–10], related
research is drawing more attention for possible applications.
The applicability of CoPd heterostructures or alloys as hy-
drogen sensors has recently been demonstrated through a
hydrogen-dependent variation of the magnetic anisotropy ob-
served via ferromagnetic resonance [11,12] or magneto-optic
Kerr effect (MOKE) microscopy [13].

The underlying mechanism of the magnetic anisotropy
changing with the concentration and position of hydrogen,
however, is not yet fully understood. In particular, hydrogen
absorption has been demonstrated by many studies to lead
to a reduction of perpendicular magnetic anisotropy (PMA)
in CoPd alloy or multilayer films and nanostructures [12,14–
16], and the reduction of PMA can be attributed to either
magnetoelastic effects or modification of the electronic struc-
tures and orbital moments at the interface between Co and
Pd [17,18]. However, a few other experiments on CoPd have
revealed an enhancement of PMA instead [19,20]. More re-
search is required to completely understand the phenomenon.
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The exchange bias (EB) can also be affected by hydro-
genation. The study of EB has been of great interest because
of its ability to pin the magnetization of a reference layer in
a magnetic memory device. Setting an EB is often achieved
by cooling a ferromagnetic (FM)/antiferromagnetic (AFM)
bilayer under an applied field at the Néel temperature of the
AFM [21], and the EB typically manifests itself as a unidirec-
tional field shift (EB field) of the hysteresis loop, which is a
result of the interplay of the anisotropy, the coupling between
the two layers, and the external magnetic field [22–26]. Since
insertion of hydrogen atoms into the films is known to change
the magnetic ordering, sizable exchange-bias fields have then
been observed in FM/AFM systems upon hydrogenation [27].
The possibility of inducing EB has also been demonstrated
recently in systems composed of two FM layers with one
layer exhibiting in-plane anisotropy and the other exhibiting
out-of-plane anisotropy, in which EB is observed in the layer
with in-plane anisotropy without the necessity of a field cool-
ing procedure [28–32]. Further manipulation of the EB by
utilizing hydrogenation is therefore expected to provide more
insight in the FM/FM bilayer systems.

The kinematics of hydrogen diffusion in metals is crucial
for achieving high stability and sensitivity for a hydrogen
sensor. Hydrogen-induced changes in optical properties, espe-
cially in transmission and reflectivity, provide a noninvasive
method of detecting hydrogen diffusion in materials such as
VHx, YHx, and MgHx [33–38]. However, investigation of the
kinetics of hydrogen diffusion in most nontransparent metallic
materials remains a challenge. Reversible changes of mag-
netic properties of ferromagnetic thin films such as magnetic
Pd alloy films induced by hydrogenation are therefore being
intensively investigated for the study of hydrogen diffusion.
Among the measurement techniques of magnetic proper-
ties, MOKE microscopy has long been broadly applied in
probing nanoscale structures because of its high sensitivity
and feasibility in monitoring the evolutions of the magnetic
domains, and therefore becomes a powerful tool to track hy-
drogen diffusion [13].

Besides CoPd, FePd compounds have also attracted much
attention in light of its high resistance to corrosion [39], PMA
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due to the tetragonal L10 phase [40], and the existence of
Néel-type skyrmions in FePd monolayers [41]. As hydro-
genation of CoPd is being actively studied to explore the
underlying mechanisms, FePd multilayer or alloy films should
provide an additional scope in that the diffusion time of hydro-
gen into FePd before saturation is much longer than that into
CoPd possibly because of the difference in their crystalline
structures [3,42,43], without compromising the sensitivity of
the magnetic properties to hydrogen absorption. This allows
us to monitor the influence of hydrogen absorption on the
magnetic properties as a function of time as hydrogen dif-
fusion is taking place, making it possible to differentiate
between various noncollinear anisotropies at different stages.

In this study, we report the observation of the effects of
hydrogen diffusion into a FePd thin film on the magnetic
properties through MOKE microscopy accompanied with si-
multaneously recorded hysteresis loops. The evolution of the
magnetic domains under the change of magnetic anisotropy
with the hydrogen diffusion time reveals an unexpected strong
enhancement of the hydrogen diffusion rate if an EB is
induced by a high initial magnetic field before hydrogen expo-
sure. Our study also demonstrates clear competition between
different magnetic anisotropies during hydrogen diffusion into
the film. A different spontaneous EB induced by hydrogena-
tion is discovered in the experiment as well. Our results extend
the picture of hydrogen diffusivity to the regime of magnetic
and spintronic properties and enrich the design of future hy-
drogen sensing and storage devices.

II. MATERIAL AND METHODS

The 30-nm-thick FePd (40:60) alloy films were deposited
on Al2O3(0001) substrates by e-beam heated coevaporation
in an ultrahigh vacuum chamber with a base pressure of
3 × 10−9 mbar. Two evaporation guns were both aligned at
45◦ to the normal, and lay on the plane perpendicular to the
[1120] axis of the Al2O3(0001) substrate to optimize the hy-
drogenation effects in the later experiment [44]. This oblique
deposition geometry allows uniaxial magnetic anisotropy
(UMA) to be developed on the surface plane [45]. The alloy
compositions and film thicknesses were controlled by the re-
spective deposition rates of the elements, and were calibrated
by Auger electron spectroscopy, x-ray photoelectron spec-
troscopy, atomic force microscopy, and transmission electron
microscopy with energy dispersive x-ray spectroscopy [46].
The samples were stored in a vacuum desiccator (internal
pressure ∼0.15 bar) to sufficiently slow down oxidation for
extending the reliability of later measurements.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Characterization of the hysteresis loops

The FePd thin film is investigated using longitudinal
MOKE microscopy with the Kerr sensitivity along the mag-
netic field to capture the images of the magnetic domains
during measurements of its hysteresis loops [13]. The MOKE
measurements are conducted on a region in middle of the film,
but the evolution of the magnetic properties presented in the
paper is general for all the regions on the entire film. Presented
in Figs. 1(a) and 1(b) are the MOKE hysteresis loops of the

FIG. 1. Longitudinal MOKE hysteresis loops of the FePd film
(a) in vacuum and (b) in hydrogen of 1.0 bar, respectively, with the
Kerr sensitivity and the magnetic field applied along the magnetic
easy axis. Each figure presents three loops measured with the sample
previously magnetized under high field of −1 kOe and +1 kOe, and
with the sample thoroughly demagnetized, respectively.

film measured in vacuum and in clean hydrogen soon after
the pressure reaches 1.0 bar, respectively, with an in-plane
magnetic field (H) applied along the magnetic easy axis of the
film. The blue loops are obtained after initial magnetization
at a high field of −1 kOe along the easy axis, the red ones
are after initial magnetization at +1 kOe, and the black ones
are after demagnetization. Initial magnetization is performed
before hydrogen exposure for Fig. 1(b). In Fig. 1(a), both
blue and red loops have an average coercivity (Hc) of 6.5
Oe, accompanied with an apparent horizontal shift indicating
the existence of an EB in the system. The blue loop initially
magnetized at −1 kOe has a positive EB field of +0.5 Oe,
and the red one initially magnetized at +1 kOe has a negative
EB field of −0.8 Oe, demonstrating a negative EB effect. The
EB can be erased by applying a strong magnetic field of 8
kOe perpendicular to the film or an ac field of 3 kOe along
the easy axis and then turning the field off, resulting in a
“demagnetized” hysteresis loop shown as the black curve in
Fig. 1(a), with a larger Hc of 7.3 Oe. The EB of the FePd
film can be attributed to the domain-pinning effect at the Pd-
rich/FePd interface due to PMA in the top Pd-rich layer [47].
The Pd-rich layer has been created because of a mild oxidation
of Fe, which removes some Fe from the upper part of the
film to form oxides on the surface and therefore increases the
Pd concentration near the top. The PMA in the Pd-rich layer
further stabilizes the in-plane domains in FePd, leading to a
unidirectional anisotropy (UDA) and an EB [28,31].

After each loop measurement in Fig. 1(a), the chamber
is filled with hydrogen gas to 1.0 bar in 30 sec, and a loop
measurement is repeated in 10 sec after the pressure reaches
1.0 bar. Each loop takes 120 sec to finish [48]. The resulting

224420-2



EXCHANGE-BIAS DEPENDENT DIFFUSION RATE OF … PHYSICAL REVIEW B 104, 224420 (2021)

hysteresis loops are significantly modified when the sample
is exposed to hydrogen, as shown in Fig. 1(b). Each of the
three loops shows a remarkable decrease in Hc to a value of
∼1.7 Oe, and the apparent EB in the two initially magnetized
cases disappears. The disappearance of EB may be attributed
to the reduction of PMA caused by hydrogenation [12,14,49],
leading to a diminished UDA. Instead, a new spontaneous
EB field of a very small value ∼ − 0.05 Oe is generated and
observed in all three loops in Fig. 1(b), including the initially
demagnetized one. The emergence of the spontaneous EB can
be more clearly confirmed when reproduced at a lower hy-
drogen pressure with a lower diffusion rate (see Supplemental
Material Sec. I [50,51]). These loops exhibit some asymmetry
in that the reversal of the magnetization starting at the bottom-
right corner of the square loop seems more rounded than the
top-left corner, especially for the blue loop initially magne-
tized at −1 kOe, which originally has a positive EB field
in vacuum. This hydrogenation-induced asymmetry indicates
the existence of incomplete domains walls at a phase interface
and a noncollinear anisotropy with unparalleled UMA and
UDA [52,53]. Therefore, a small rotation of UMA is sus-
pected to be induced in the system by hydrogenation, which
will be further discussed in the following experiments and
discussion.

Measurements of hysteresis loops in hydrogen are repeated
31 times after each loop in Fig. 1(b). The representative
loops of the sequences for the demagnetized case and for the
initially magnetized (under ±1 kOe) cases are displayed in
Figs. 2(a)–2(c), respectively. n indicates the order in which the
loop is measured. It can be seen that, for all three sequences,
the shape of the loop changes from a square to a fusiform
as n increases, but is more tilted and plumped in the initially
magnetized cases. The ratio of the magnetic remanence (Mr)
to saturation (Ms) decreases as n (and hence the diffusion time
of hydrogen) increases, with its time evolution summarized in
Fig. 2(d). The decreasing rate of Mr/Ms within the first 1000
sec in the initially magnetized cases is much higher than that
in the demagnetized case, but notably slows down afterward as
Mr/Ms approaches a minimum of ∼0.4, whereas Mr/Ms in the
demagnetized case stays above 0.6 during the 3600-sec mea-
surement. On the other hand, Hc, as summarized in Fig. 2(e),
keeps decreasing gradually with time in the demagnetized
case, until it reaches a minimum of ∼1.3 Oe in ∼1200 sec,
and stays around the minimum afterward. However, in the
initially magnetized cases, Hc decreases abruptly only within
the first 240 or 360 sec to a minimum of ∼1.3 Oe, before
it dramatically rises up afterward, with the increasing rate
apparently higher in the case with initial magnetization under
a negative high field (blue curve) than that under a positive
high field (red curve). Another important feature found in all
three sequences [Figs. 2(a)–2(c)] is that the asymmetry that
emerges in the n = 1 square loop gradually disappears as the
diffusion time increases, when the loop shape becomes less
square at larger n. Any of these loops can be reproduced even
without repetitive field cycling. Therefore, the time evolution
of the magnetic properties shown in Fig. 2 can be attributed
to the effect of hydrogen diffusion instead of field training.
The decrease in Hc upon hydrogenation can be attributed to
the decrease in the anisotropy field Ha of the film [54–57]
(see Supplemental Material Sec. II for measurements and

FIG. 2. Longitudinal MOKE hysteresis loops with the Kerr sen-
sitivity and the magnetic field applied along the original easy axis
(i.e., the easy axis before hydrogenation) of the film. These loops
are from n = 1, 3, 7, and 16 in (a) the demagnetized case, and from
n = 1, 3, 7, and 32 in the cases initially magnetized at (b) −1 kOe
and (c) +1 kOe, respectively. The dependence of Mr/Ms and Hc on
the hydrogen diffusion time are displayed in (d) and (e), respectively.
The corresponding n is labeled on the top axis.

detailed discussion on Ha [50]). The rebound of Hc from the
minimum afterward to increase substantially with diffusion
time in the initially magnetized cases, on the other hand, may
be attributed to an increasing magnetocrystalline anisotropy
(MCA), which is reflected by the increase of Ha. The MCA
will be further discussed in the following experiment.

B. Evolution of the magnetic domains

The effect of the hydrogen exposure can be more clearly
seen from the evolution of the magnetic domains observed
in the MOKE images. The magnetic domains simultaneously
recorded with the hysteresis loops of the demagnetized case
in Fig. 2(a) and of the initially magnetized case in Fig. 2(b)
are displayed in Figs. 3 and 4, respectively, with increasing
H from left to right to accomplish magnetization reversal.
When in vacuum, the magnetic moments of the entire film
rotate coherently to reverse the whole magnetization without
the occurrence of any observable magnetic-domain patterns,
as shown in the first row of Figs. 3 and 4. After being exposed
to hydrogen, however, complex domain patterns emerge dur-
ing the magnetization reversal, and their dependence on the
hydrogen diffusion time can be clearly tracked vertically
through the images in the column boxed with red lines. Each
image in the column is taken at a field when the total magneti-
zation is rapidly changing, yielding complex domain patterns.
The original easy axis in vacuum is along the vertical direction
of the images. However, there is a hint of partial rotation of
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FIG. 3. Evolutions of the magnetic domain structures simultaneously recorded with the hysteresis loops in Fig. 2(a) for the demagnetized
case. Dashed lines are the eye-guiding lines for the orientations of the domain stripes representing different anisotropies.

FIG. 4. Evolutions of the magnetic domain structures simultaneously recorded with the hysteresis loops in Fig. 2(b) for the case with initial
magnetization at −1 kOe.
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the easy axis upon hydrogen exposure with the appearance
of a short segment of the light-gray domain at the bottom of
n = 1 image in Fig. 3 (column). The slightly rotated UMA
becomes clearer in the domain patterns at n = 3. The follow-
ing n = 7 series, on the other hand, features the emergence of
another new anisotropy at n = 7, where two sets of domain
stripes with different orientations (indicated respectively with
the white and black dashed eye-guiding lines) coexist. The
two anisotropies are present in both n = 7 and 16, exhibiting
the competition between multiple magnetic structures in the
sample. The noncollinear multidomain configuration is well
known for single-layer films with high magnetic anisotropy
dispersion. The time evolution is best interpreted with the pen-
etration depth and the concentration of the hydrogen diffused
into the film, both of which increase with time. The diffu-
sion rate depends on the concentration gradient of hydrogen,
and the vacancy and interstitial diffusion paths in the lattice.
At n = 3, only the top of the film is majorly hydrogenated,
giving a domain pattern of dark stripes (indicated with the
white dashed line). As time passes (with increasing n), the
rest of the film starts to receive more hydrogen. The overall
increase of the hydrogen concentration leads to modification
of the magnetic properties of the whole film, resulting in the
medium-gray stripes (indicated with the black dashed line at
n = 7 and 16). The anisotropy that determines the orienta-
tion of the medium-gray domain stripes may depend on the
crystalline structure, which can be affected by the substrate
beneath the film via interfacial interaction. It is found in
another experiment that the medium-gray stripes along with
other hydrogenation effects are absent if the α-Al2O3(0001)
substrate is rotated by 90◦ for the process of film deposition
[44] or is replaced by glass, which is noncrystalline. The
crystalline structure of the substrate can affect the develop-
ment of the deposited film lattice. If the [1120] axis of the
Al2O3(0001) substrate lies on the plane of oblique deposition
of Fe and Pd, or if a noncrystalline substrate is used that does
not intervene in a quality development of the crystalline axis
of the film, the [1120] zone axis will be well developed in the
FePd(111) alloy film especially for thinner film growth, lead-
ing to a magnetic anisotropy that is too stable to be altered via
later hydrogenation. The hydrogenation effect on the magnetic
properties can be clearly observed only if the [1120] axis of
the Al2O3(0001) substrate does not lie on the plane of oblique
deposition.

If the sample has been initially magnetized under a nega-
tive high field, the diffusion rate of hydrogen into the sample
seems to speed up drastically according to the MOKE images
displayed in Fig. 4 (column). For n = 1 in Fig. 4 (column),
the slightly rotated easy axis already dominates the domain
pattern. At n = 3, the domain pattern well resembles that
at n = 16 at 1.98 Oe in the demagnetized case in Fig. 3
(column), exhibiting the same two anisotropies. This implies
that the presence of an initial EB mainly affects the diffusion
rate of hydrogen, but not the kinds of anisotropies that can
be induced by hydrogenation. Looking back at Fig. 2(e), the
diffusion rate can also be inferred from the dependence of Hc

on the diffusion time, with Hc showing an abrupt decrease
upon hydrogen exposure in the initially magnetized cases, but
only a slow decrease in the demagnetized case. For n > 3,
a rise of Hc is observed in the cases with initial EB, but

not in the demagnetized case. By comparing the increasing
rate of Hc, one can further infer a higher diffusion rate in
the case with a positive initial EB field in vacuum (due to
initial magnetization at −1 kOe) than that with a negative
initial EB field. At n = 7 in Fig. 4 (column), the dark domain
stripes along the slightly rotated easy axis almost disappear,
leaving only the medium-gray domains with the domain wall
now developed into a zigzag shape, which corresponds to a
new orientation of the magnetic axes that is very different
from the original one (see Supplemental Material Sec. III for
the angular dependence of the coercivity and the remanence
before and after hydrogenation [50]). The reorientation of the
system anisotropy starts to get stabilized around n = 7, as
also implied in Fig. 2(d) with Mr/Ms approaching a mini-
mum around 1000 sec. At n = 32, the zigzag wall line has
fewer turning points when the sample is almost saturated with
hydrogen. The orientation of the zigzag domain wall is very
sensitive to the direction of the easy axis of a system [58,59].
The development of the medium-gray zigzag domain hence
indicates an emergence of a new easy axis of the film. The
hysteresis loops and domain patterns obtained from the film
with an initial EB are robust against a regular demagnetization
procedure alone. The effect of the initial EB on the magnetic
properties can only be erased by demagnetization after a de-
hydrogenation process [48] is executed.

The two key mechanisms that can change the magnetic
properties of the alloy film upon hydrogen absorption are
electron transfer and magnetoelastic effects [60]. In situ x-ray
diffraction (XRD) has been performed on the film to exam-
ine the crystalline structure, and no measurable expansion of
the FePd lattice is observed after hydrogen absorption (see
Supplemental Material Sec. IV [50]). This implies that mag-
netostrictive effects are very small in our samples. Therefore,
the changes in the magnetic anisotropies must be a result of
electron transfer between Fe and Pd upon hydrogen absorp-
tion [14]. Electron transfers upon hydrogenation have also
been identified in our previous studies to cause variations in
magnetic properties in CoPd films [61,62].

C. Discussion

Our experiments demonstrate complicated competitions
between the UMA caused by oblique deposition of the film,
the original UDA due to PMA in the Pd-rich layer that leads
to EB observed in Fig. 1(a), the new UDA that corresponds
the small spontaneous EB (−0.05 Oe) in Fig. 1(b), and a
probable MCA from the crystalline nature, under the influence
of hydrogenation. The alteration of the anisotropy energies
can be attributed to the changes in the electronic structure of
the ferromagnetic group-VIII elements due to electron transfer
from Pd through orbital hybridization upon the formation
of hydrides, which diminishes the contribution of the shape
anisotropy (i.e., the UMA in our sample due to oblique depo-
sition [63,64]), and promotes the in-plane MCA [16,49,62].
The sample in vacuum originally possesses UMA and the
original UDA. Hydrogenation then removes PMA and hence
the original UDA as mentioned earlier in Fig. 1(b), causes a
small rotation of UMA as shown at smaller n in Figs. 3 (col-
umn) and 4 (column), and possibly modifies the spin phase
that results in the new UDA. The new UDA may be gener-
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ated at the interface between the hydrogenated top layer with
hydrogenation-induced phase inhomogeneity and the bottom
portion that is not hydrogenated yet, since a phase separation
at an interface is known to result in a spontaneous EB [65].
The slightly rotated UMA can be regarded as a first sign of the
diminished UMA caused by electron transfer. One of the most
interesting discoveries in this study is the significant increase
of the hydrogen diffusion rate after initial magnetization under
a high field before hydrogen exposure. This can be observed
by comparing Figs. 3 (column) and 4 (column) and reviewing
Figs. 2(d) and 2(e). As hydrogen atoms would most prob-
ably advance on minimum-energy paths for diffusion [66],
the dependence of the diffusion rate on the initial EB may
indicate changes of minimum-energy paths due to variations
of magnetic ordering. Then, at n = 7 in Fig. 3 (column) and
n = 3 in Fig. 4 (column), MCA of the film emerges with
the help of increased hydrogen concentration diffused into
the sample, promoting the magnetocrystalline nature that was
initially suppressed and unobservable because of the existence
of the strong UMA before hydrogenation. In the meantime,
the phase interface created upon hydrogen exposure becomes
blurred with increasing diffusion time and decreasing concen-
tration gradient of hydrogen, which leads to the disappearance
of the new UDA and thus the disappearance of the asymmetry
in the hysteresis loops at larger n in Figs. 2(a)–2(c). At n = 7
and 32 in Fig. 4 (column), the newly appearing MCA domi-
nates the whole film as UMA lessens more, manifesting itself
with the zigzag domain taking all over. The stronger MCA
in the initially magnetized cases results in the rebound and
enhancement of Hc after a longer diffusion time.

The strong dependence of hydrogen diffusion on the initial
EB is very intriguing, as it allows additional controllability
of the hydrogenation effect on a potential hydrogen sens-
ing or storage material. The initial EB not only enhances
the hydrogen diffusion rate significantly, but also lifts the
original limit on the saturation state. Unlike the demagne-
tized case in which Hc stays at its minimum after saturation,
the initially magnetized cases advance further into a state
in which the fusiform-shaped loop becomes more tilted and
plumped as shown in Figs. 2(b) and 2(c), and Hc rebounds
from the minimum and increases substantially as shown in
Fig. 2(e), eventually reaching a stage where only the zigzag
domain dominates the FePd film [i.e., n = 7 and 32 in Fig. 4

(column)]. It is not clear yet how the initial magnetic order-
ing affects hydrogen diffusion. It is known that an external
uniform magnetic field has no influence on the diffusion of
hydrogen in Pd [67]. Therefore, the dependence of hydrogen
diffusion on the initial EB may be attributed to variation of the
micromagnetic or spintronic structures inside the FePd film.
More research is necessary to fully understand the underlying
mechanism.

IV. CONCLUSIONS

In summary, we report the discovery of the dependence
of hydrogen diffusion rate on a magnetic property of a ma-
terial. The hydrogen diffusion rate in FePd alloy thin films is
significantly enhanced if a UDA is induced by a high initial
magnetic field before hydrogen exposure. This unexpected
phenomenon is discovered by monitoring the competitions
between multiple magnetic anisotropies in an FePd thin film
during hydrogen diffusion into the film. MOKE microscopy
shows hysteresis loops and complex magnetic domains that
are functions of the diffusion time of hydrogen. The ap-
pearance and later disappearance of the new UDA with an
spontaneous EB, the slightly rotated UMA during an earlier
stage of hydrogenation, and the MCA with zigzag domains
that later emerges and eventually dominates the whole film
can be attributed to variation of the magnetic properties
caused by electron transfer induced by hydrogenation, as
XRD shows no measurable expansion of the film lattice. The
state of hydrogen diffusion is clearly visualized in our exper-
iment, revealing the apparent difference in the diffusion rate
between the samples without and with an initial EB. This dis-
covery allows additional controllability of the hydrogenation
effect on the magnetic properties of a magnetic metal hydride.
Our study provides valuable information for the application of
magnetic metal hydrides in development of hydrogen sensing
and storage devices.
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