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ABSTRACT: In this study, we deposited a hydrogen-sensitive FePd
alloy film on Co/[Pt/Co]4/Pt multilayers with perpendicular
magnetic anisotropy (PMA). Through hydrogenation, spin-reor-
ientation transition (SRT) from a perpendicular to an in-plane
direction was observed in the 2-nm-thick FePd capped multilayer.
Magneto-optic Kerr effect measurements were performed in
hydrogen gas at pressures ranging from a vacuum of 5 × 10−3

mbar to H2 gas at 200 mbar. Reversible SRT was demonstrated with
the cyclic change of H2 pressure. Furthermore, tuning the strength of
the PMA multilayer by adjusting the thickness of the Pt layer
changed the SRT-critical thickness of the FePd cap and the
hydrogen-induced SRT behavior. These findings will be valuable
for application in spintronics through the electronic control of H-
migration.
KEYWORDS: magnetic thin film, multilayer, perpendicular magnetic anisotropy, hydrogen absorption, spin reorientation transition

■ INTRODUCTION
Spin−orbit torque magnetic random access memory (SOT-
MRAM) devices are considered promising candidates for use
in next-generation nonvolatile memory devices due to their
low power consumption, fast read/write speeds, and endurance
ability.1−4 However, the deterministic switching of perpendic-
ular magnetization by spin−orbit torque (SOT) through the
injection of in-plane polarized spin usually requires an
additional in-plane external magnetic field to disrupt the
symmetry of the perpendicular magnetic anisotropy (PMA).
Considering the disadvantages of applying an external
magnetic field, which requires complicated circuitry and
additional power consumption, a field-free SOT switching
mechanism should be developed. Numerous efforts have been
made to realize field-free SOT switching mechanisms,
including achieving lateral structural asymmetry using a
wedge-layer,5−7 voltage control in a multiferroic composite,8

exchange-bias and interlayer exchange coupling,9 and current-
induced field-free switching.10 Recently, Hwang et al.
demonstrated the deterministic field-free SOT switching of
perpendicular magnetization in amorphous and ferrimagnetic
Gd/Co multilayers accompanied by a tilted magnetic
anisotropy (TMA) axis, disrupting the symmetry of the PMA
in a controlled manner, and providing an opportunity for

switching perpendicular magnetization by using tilted aniso-
tropy.11

In this experiment, we demonstrated the field-free
reorientation of TMA films at room temperature in FePd/
Co/[Pt/Co]4/Pt multilayer structures grown on a SiO2
substrate by the introduction of a hydrogenation effect.12

Due to the high affinity of Pd to hydrogen gas, the magnetic
properties of Pd-based magnetic alloys can be reversed by
hydrogen, providing a strategy for controlling the PMA.13

Accordingly, hydrogen-sensitive Fe40Pd60 alloys were used as
the capping layer on Co/Pt-PMA multilayers. Despite their
intrinsic in-plane magnetic anisotropy (IMA), the FePd alloy
films exhibited PMA behavior induced by the magnetic
proximity effect (MPE) resulting from proximity to Co/Pt
multilayers. Thus, TMA films were fabricated by controlling
the thickness of the FePd film and the buffer Pt film, and
hydrogen-induced further tilting of the magnetic moment was
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observed. In summary, this work provides new possibilities for
performing the promising spin-reorientation transition (SRT)
of the perpendicular magnetization in TMA films. In a real
solid-state device, the SRT could be triggered by voltage-gated
ion transport. For example, the reversible toggling of MAE
using a small gate voltage through H+ pumping in all-solid-
state heterostructures has been demonstrated by Tan el al.14

■ EXPERIMENTAL SECTION
PMA multilayer thin films, composed of Co(0.3 nm)/[Pt(0.8 nm)/
Co(0.3 nm)]4/Pt(1−8 nm), were fabricated through magnetron
sputtering in argon atmosphere, as illustrated in Figure 1. The Pt
target was sputtered at 10 W dc, and the Co target was sputtered at 20
W dc. The sputtering rate of Co was 0.3 nm/min, and the sputtering
rate of Pt was 2.5 nm/min. A base pressure of 1 × 10−8 Torr was
attained before sputtering, and Ar pressure was maintained at 6
mTorr during deposition.15 No specific substrate cooling or heating
was applied during the sputtering process. The Fe40Pd60 (FePd) alloy
thin films were subsequently deposited on the PMA layers by using
the coevaporation method with two e-beam heated evaporators in an
ultrahigh vacuum chamber with a base pressure of 3 × 10−9 mbar.
Film thickness and alloy composition were determined by the
individual calibration of the Fe and Pd deposition rates. The magnetic
properties were investigated by observing the polar and longitudinal
geometries at room temperature through magneto-optic Kerr effect

(MOKE) spectroscopy.16 For the measurements, the samples were
sealed in a chamber with pressure ranging from a vacuum of 1 × 10−5

mbar to H2 gas at 200 mbar. The MOKE measurement was carried
out using a white LED light source. As well know, the penetration
depth of visible lights in a metallic surface is above 20 nm, which
includes not only the top layer of 2−8 nm FePd, but also the Co(0.3
nm)/[Pt(0.8 nm)/Co(0.3 nm)]4.

17 Therefore, the MOKE measure-
ment includes the signal contributions from the FePd and [Co/Pt]n
layers.

■ RESULTS AND DISCUSSION
For the MOKE investigation, 2-, 3.5-, 5-, and 8-nm-thick
Fe40Pd60 alloy films were deposited on Co(0.3 nm)/[Pt(0.8
nm)/Co(0.3 nm)]4/Pt(2 nm)/SiO2 substrates. The normal-
ized polar and longitudinal MOKE hysteresis loops are shown
in Figure 2(a). Measurements were performed at room
temperature. The multilayer with a 2-nm-thick FePd capping
layer exhibited a tilted loop in the polar direction, and its
remanence to saturation magnetization (Mr/Ms) ratio was
0.72. By contrast, its longitudinal signal was weak, revealing
that the perpendicular magnetic moment was dominant. The
hysteresis loop of the multilayer with a 3.5-nm-thick FePd
capping layer became considerably slanted in the polar
direction, and a square loop was observed in the longitudinal

Figure 1. Schematic illustrations for the sample structure, fabrication processes, and hydrogen absorption-induced changes in magnetism.

Figure 2. (a) Polar and longitudinal MOKE hysteresis loops with variation of FePd thickness. For clear exhibition, the saturation Kerr signal was
normalized. (b) Magnetic coercivity (Hc), (c) the remanence to saturation magnetization (Mr/Ms) ratio of polar (black) and longitudinal (red)
Kerr signals are plotted as a function of FePd thickness.
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direction (canted magnetization). The observable PMA
behavior of these two samples was affected by the MPE
induced by the Co/Pt bottom layer. However, the hysteresis
loops of the multilayers with 5- and 8-nm-thick FePd capping
layers were straight lines in the polar direction and square
loops in the longitudinal direction, indicating stable IMA.
The magnetic coercivity (Hc) values of the polar and

longitudinal hysteresis loops are illustrated in Figure 2(b).
Polar and longitudinal Hc decreased and increased monotoni-
cally with FePd thickness, respectively. The (a) Polar MOKE
hysteresis loops of various PMA multilayers with buffer Pt
layers of different thicknesses. The strength of PMA incera
ratios of the polar and longitudinal hysteresis loops, which are
plotted as a function of FePd thickness, are summarized in
Figure 2(c). The Mr/Ms ratio of the polar magnetic hysteresis
loops changed from 1 to 0.72 and then to 0 as the FePd
thickness increased from 0 to 2 and then to 8 nm, respectively.
The multilayer with a 2-nm-thick FePd capping layer had a
TMA with a much stronger PMA than the multilayer with a
3.5-nm-thick FePd capping layer and was thus selected for
further investigation of the effects of hydrogen exposure, which
are discussed in the following sections.
The competition between the FePd-IMA and the Co/Pt-

PMA causes the thickness-dependent SRT to alter from a polar
to a longitudinal direction as the thickness of the FePd capping
layer increases, as shown in Figure 2. Similar thickness-
dependent SRT behavior has been reported in magnetic thin
film multilayers of various compositions, including Fe/
Pd(001)18 and Co50Pd50/Al2O3(0001).

19 SRT behavior is
usually dominated by the competition between the surface/
interface-contributed PMA and the IMA; thus, the critical
thickness for SRT is determined by the intrinsic surface/
interface-contributed PMA and is usually difficult to change.
Magnetic structures with more sophisticated designs are

required to manipulate SRT behavior or control the TMA
state.
In the present study, only the longitudinal signal was

observed in the multilayers with 5- and 8-nm-thick FePd
capping layers; this finding implies that the magnetization of
the PMA layer, which changed from the surface normal
direction to the in-plane direction, was dominated by the FePd
cap. This observation provides an alternative method to
reorient the easy direction of PMA-magnetization through the
capping effect of FePd. In particular, the TMA state can be
achieved by fabricating the sample with a FePd layer that has a
thickness that is within the critical region for SRT.
Magnetic-field-dependent Kerr images of the FePd alloy

films measured in the longitudinal direction under a vacuum
are shown in Figure 3 for film thicknesses of (a) 2 nm, (b) 3.5
nm, (c) 5 nm, and (d) 8 nm. The images were taken over the
same area size (400 × 300 μm2). Three regions (FePd/PMA,
Pd/PMA, and pristine PMA) were recorded simultaneously for
comparison, as shown in Figure 3(a). As the applied magnetic
field became close to the Hc value, the magnetic domain
should appear in the Kerr images. The series of Kerr images
exhibited different mechanisms of magnetization reversal. As
shown in Figure 3(a) and (b), the 2- and-3.5 nm-thick FePd
alloy films presented no observable domain structure; only the
grayscale of the Kerr images gradually and continuously
became brighter with the increasing magnetic field, without
observable domain wall motion. The magnetic domain
structure was absent for magnetization reversal due to the
small nucleation of reverse magnetization. Because the size of
the reverse nucleation was below the resolution of the Kerr
microscope (approximately 1 μm), only the grayscale change
in the Kerr images driven by the magnetic field could be
observed.
For the 5- and 8-nm-thick FePd alloy films, zigzag-shaped

domains started to appear from the boundary between the

Figure 3. Magnetic-field-dependent longitudinal Kerr images with (a) 2 nm FePd, (b) 3.5 nm FePd, (c) 5 nm FePd, and (d) 8 nm FePd on Co/
[Pt/Co]4/Pt. The magnetic field is close to the magnetic coercivity (Hc); thus, the domain evolution can be observed.
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FePd/PMA and Pd/PMA regions, at which the domain
structures were observed with magnetic fields of 0.784 and
0.962 Hc, respectively, as shown in Figure 3(c) and (d). These
observations were consistent with the previous MOKE results.
With the increasing FePd thickness, the direction of magnet-

ization changed from slightly canted to canted and then to the
full in-plane direction. Thus, for the multilayers with 2- and
3.5-nm-thick FePd capping layers, no observable magnetic
domain structure was present due to the weak longitudinal
magnetic moment and the PMA domination of the nucleation

Figure 4. Polar and longitudinal MOKE hysteresis loops of 2 nm FePd/Co (0.3 nm)/[Pt (0.8 nm)/Co (0.3 nm)]4/Pt(2 nm) (a) before, and (b)
after hydrogenation. (c) The Mr/Ms ratios of polar and longitudinal Kerr signals are plotted as a function of time in H2 gas of 200 mbar. (d) The
Mr/Ms ratio plotted as a function of time with cyclic changes in gas pressure between a vacuum of 5 × 10−3 mbar and H2 gas of 200 mbar, which is
exhibited by the shadow color corresponding to the right axis.

Figure 5. (a) Polar MOKE hysteresis loops of various PMA multilayers with buffer Pt layers of different thicknesses. The strength of PMA incerases
as the thickness of the buffer Pt layer increases. (b) Polar MOKE hysteresis loops of 2 nm-thick FePd capped multilayers. The solid and dashed
lines were measured before and after exposure to H2 gas. (c) The magnetic coercivity (Hc) of the 2 nm FePd/PMA multilayers was plotted against
time. MOKE measurements began in a vacuum of 5 × 10−3 mbar, then the hydrogen gas pressure was increased to 200 mbar, and finally the sample
was exposed to air. (d) Hydrogenation-induced changes of the Mr/Ms ratios (left axis: black solid line). The Mr/Ms ratios measured before (red
solid line) and after (red dashed line) H2 gas exposure are plotted as a function of the buffer Pt thickness.
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behavior in magnetization reversal. For the multilayers with 5-
and 8-nm-thick FePd capping layers, the presence of magnetic
domain wall motion, due to the stronger IMA from the
increased thickness of the FePd layer, was observed.
To investigate the effect of hydrogenation, the multilayer

with a 2-nm-thick FePd capping layer was used because it
exhibited TMA behavior with a relatively strong perpendicular
component. The polar and longitudinal MOKE hysteresis
loops measured in the same region of the sample before and
after hydrogenation are shown in Figure 4(a) and (b). After
exposure to H2 gas at a pressure of 200 mbar, the tilting angle
of the polar hysteresis loop canted further, and the rectangular
longitudinal hysteresis loop was revealed. This observation
demonstrated the reorientation of the perpendicular magnetic
moment toward the in-plane direction. The Mr/Ms ratios of
the polar and longitudinal Kerr signals, plotted as functions of
exposure time to hydrogen gas, are shown in Figure 4(c). After
exposure to hydrogen gas, the polar Mr/Ms ratio decreased
from 0.8 to approximately 0.4, and the longitudinal Mr/Ms
ratio increased from 0.2 to 0.4. This finding suggests that the
polar and longitudinal signals were saturated within 20 min of
exposure to hydrogen gas. The reversibility of the hydro-
genation effect on the magnetism of the FePd alloy film was
demonstrated according to cyclic changes in gas pressure
between a vacuum of 5 × 10−3 mbar and H2 gas at 200 mbar,
as shown in Figure 4(d). These findings indicate that the
reversible control of SRT is facilitated by hydrogen absorption
and desorption.
To further investigate the thickness-dependent and hydro-

gen-driven SRT in the FePd/PMA multilayers, we tuned the
strength of the PMA by manipulating the thickness of the
buffer Pt layer,20 as shown in Figure 5(a). The Hc values
increased from 125 to 755 Oe as the thickness of the Pt buffer
layer increased from 1 to 8 nm. These results can be attributed
to the improvement in the fcc (111) structure of the Co layer
due to the thicker buffer.21,22 In addition, reduced roughness in
the Co/Pt interface enhances interfacial anisotropy, which
increases coercivity.23 The magnetic hysteresis loops became
more square as the thickness of the Pt buffer layer increased,
which indicates that PMA strength is positively correlated with
the thickness of the Pt layer. These results clearly indicate that
the PMA is sensitive to the thickness of the buffer Pt layer and
is significantly stronger for tPt = 8 nm than for tPt = 1 nm.
The MOKE hysteresis loops of the various multilayers with

2-nm-thick FePd capping layers measured before and after
exposure to H2, as denoted by solid and dashed lines,
respectively, are shown in Figure 5(b). The Hc values and Mr/
Ms ratios of the multilayers with 2-nm-thick FePd capping
layers are summarized in Figure 5(c) and (d). In Figure 4(c),
as indicated by the solid and dashed red lines, the Hc value
increased as the thickness of the Pt buffer increased in both
environments. Moreover, the Hc value decreased after exposure
to H2, as indicated by the dashed red line always being below
the solid red line. The black line reveals the H2-induced change
in Hc in comparison with pristine Hc, ΔHc/(Hc)vac. The change
in the Hc ratio was the greatest between the 1- and 2-nm-thick
FePd capped multilayers (−30% to −40%).
A similar tendency was observed in the Mr/Ms ratio. The

Mr/Ms ratios of the multilayers with 2-nm-thick FePd capped
layers before and after exposure to H2 are plotted as a function
of buffer Pt thickness in Figure 5(d). The Mr/Ms ratios
increased as the Pt buffer thickness increased from 1 to 2 nm
and were finally saturated at Pt buffer thicknesses of 4 and 8

nm. The changes of the Mr/Ms ratio induced by hydrogenation
decreased dramatically from 0.33 to 0 with the increased
thickness of buffer Pt. This finding indicates that the H2-
induced SRT became weaker as the strength of the buffer PMA
increased and implies that a stronger buffer PMA layer
suppresses H2-induced SRT behavior.
As shown in Figure 2, the FePd films capped on the

multilayer with a 2-nm-thick Pt buffer layer promoted SRT
behavior in the FePd thickness range of approximately 3 ± 1
nm. For the multilayer with an 8-nm-thick Pt buffer layer, the
SRT behavior was delayed to the 7 ± 1 nm FePd capping layer,
as shown in Figure 6(a). It is reasonable to expect that the

reorientation of a stronger PMA requires a thicker FePd
capping layer, which provides a larger shape-induced IMA. In
Figure 6(b), we summarized the hydrogen-induced SRT
behavior for various combinations of FePd/PMA by plotting
the difference between the Mr/Ms ratios in a vacuum and in H2
at 200 mbar as a function of the difference between the pristine
polar and longitudinal Mr/Ms ratios. The y-axis, polar (Mr/
Ms)vac− M M( / )r s H2

, indicates the degree of H2-induced SRT
from the perpendicular to in-plane direction. The x-axis, (Mr/
Ms)Polar−(Mr/Ms)Long., indicates the canting angle of the
pristine magnetism in a vacuum. The x value ranges between
−1 and 1, indicating that the magnetization oriented from the
full in-plane to canted and then to the perpendicular direction,
as illustrated at the bottom of Figure 6(b). If the pristine
magnetism is in the full perpendicular or in-plane direction,
then almost no H2-induced SRT is observed; the magnetism is
too stable to be modulated by hydrogenation. The H2-induced
SRT occurred clearly with pristine canted magnetization.
Hydrogenation of FePd/PMA always favors IMA. For the
pristine in-plane magnetization, hydrogenation only results in a
more stable IMA. For the pristine FePd/[Co/Pt]n with a full
perpendicular magnetization, the FePd capping layer is

Figure 6. Mr/Ms ratios of polar (black line) and longitudinal (red
line) Kerr signals are plotted as a function of FePd thickness
deposited on PMA(2) (solid line) and PMA(8) (dashed line). (b)
The difference of the Mr/Ms ratios before and after H2 gas exposure
for the polar signals are plotted as a function of the difference between
the polar Mr/Ms and longitudinal Mr/Ms ratios in the vacuum.
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dominated by the coupling with the strong PMA bottom layer,
rather than by the hydrogenation effect. For the canted
magnetism, because the FePd-IMA and [Co/Pt]n-PMA are
nearly compensated, the hydrogenation effect thus plays an
important role in triggering SRT behavior.
To observe SRT in a magnetic system, a critical parameter is

usually required for the modulation of either PMA or IMA, so
that the dominance of the total MAE can be switched in
between. In this FePd(t-nm)/[Co/Pt]n/Pt(x-nm) system, the
IMA was increased by the top FePd thickness; in the contrary,
the enhancement of PMA was achieved by the Pt buffer layer.
While the PMA of [Co/Pt]n was fixed, the increase of FePd
thickness triggered the SRT from perpendicular to in-plane, as
shown in Figure 2. With a relatively strong PMA of [Co/Pt]n, a
thicker FePd capping layer is required to switch the
magnetism, as shown in Figure 6(a). Besides the thickness-
dependent SRT, hydrogen absorption played another critical
role to enhance IMA through the hydrogen-mediated charge
transfer between Fe and Pd. Accordingly, the hydrogen-
enhanced IMA resulted in the SRT, which is reversible upon
hydrogen absorption/desorption. By controlling the H2-
pressure, the magnetic transition occurred step by step; i.e.,
the magnetic hysteresis loops become more and more tilted.
Regarding the details of the SRT process, one should think
about the dynamics in hydrogen dissociation, diffusion, and
bonding to Pd−Fe. The MOKE measurement utilized in this
study was carried out on a time scale of around 10−100 s,
which allows us to observe the hydrogen-induced SRT within 1
min. Nanosized sample structure with the exposed side surface
has been demonstrated to promote the hydrogen effect
occurring within a few seconds.
The presence of the FePd capping layer brings about two

important impacts on the observation of hydrogen-induced
SRT. First, the IMA of FePd film weakens and even changes
the PMA of [Co/Pt]n from perpendicular to in-plane
orientation. As shown in Figure 2, 2−3 nm FePd switches
the magnetization into a canted state and 5 nm FePd already
turned the MAE to in-plane direction. Therefore, the critical
thickness of 2 nm FePd was chosen for the detection of the
hydrogen effect. Second, FePd is able to dissociate hydrogen
molecules and absorbed hydrogen into the volume. The
presence of H-content in the FePd film could change both the
crystalline structure and the electronic structure. In contrast to
pure Pd, the saturated hydrogen concentration drastically
decreased to less than 5% atomic ratio in FePd alloy materials
and thus the expected modulation of the crystalline lattice is
actually negligible. On the other hand, the charge transfer
between Co−H−Pd was observed and proposed as the critical
key mechanism of the hydrogen-induced sensitive change in
MAE. In the previous experiment results of FePd film, the
hydrogen absorption enhanced the magnetic coercivity, which
means the enhancement of IMA, switching the PMA of [Co/
Pt]n to IMA. According to the two mechanisms brought by the
FePd capping layer, the bare [Co/Pt]n multilayer revealed no
observable hydrogen effects due to the robust PMA and lack of
catalyzed hydrogen dissociation and absorption.
In Sander et al.’s study, hydrogen-induced reversible SRT

was observed in ultrathin Ni films; hydrogen adsorbed on the
surface and thus brought about the surface lattice relaxation,
leading to the SRT through the change of magneto-elastic
anisotropy.24,25 However, this phenomenon was observed in a
UHV system and is far from the application in the ambient
environment. In the latest decade, the hydrogen-induced

reversible change in magnetism has been studied in many
systems, which are mostly correlated with the Pd element for
ca ta lyz ing the d i s soc ia t ion of hydrogen mole -
cules.12,13,15,19,21,26,27 Hydrogen absorption into the volume
of nanometer-thick CoPd alloy film resulted in considerable
change in magnetic coercivity, magnetic anisotropy energy
(MAE), magnetic domain revolution, etc. In magnetic systems
with small perpendicular MAE or canted MAE, hydrogen-
induced SRT from PMA to IMA could possibly be observed.
However, in order to extend the material system to general
PMA films, like [Co/Pt]n, CoFeB, etc., in this experiment, we
combine a hydrogen-sensitive FePd layer with a PMA-[Co/
Pt]n bottom to achieve the H-controlled SRT. The FePd
capping layer with suitable thickness can weaken the PMA and
thus bring about the high sensitivity of hydrogen-induced SRT.
Correspondingly, a similar idea can be applied in other PMA
systems for future applications.
In the literature, Co/Pd multilayer system exhibited either

IMA or PMA, depending on the thickness of Co and Pd, as
well as the period number of the multiyear.28−30 If instead of
FePd, we use Co/Pd multilayer with IMA as the capping layer
on Co/Pt multilayer, similar hydrogen-induced SRT could be
observed. On the other hand, with suitable film thickness and
period number, the Co/Pd multilayer can be designed to
display a strong PMA, and thus could be used to replace the
Co/Pt underlayer for the hydrogen-controlled SRT.

■ CONCLUSIONS
In this experiment, a hydrogen-sensitive FePd alloy capping
layer was added to a Co/Pt multilayer with the PMA to
investigate hydrogen-driven SRT behavior. As the thickness of
the FePd capping layer increased, the PMA gradually turned to
IMA. The multilayer with a 2-nm-thick FePd capping layer was
selected for analysis. The magnetic easy axis became canted,
and H2 absorption induced reversible SRT from the
perpendicular to in-plane direction. Moreover, with the
increasing thickness of the Pt buffer layer, the PMA of the
Co/Pt multilayer became stronger, and a higher critical
thickness of FePd was required for the thickness-dependent
SRT to IMA. Thus, the combination of a PMA-Co/Pt
multilayer with a suitable FePd capping layer can form the
canted magnetization, which is especially sensitive for hydro-
gen-driven reversible SRT. These findings may have valuable
application in studies on H2-sensor or H-migration controlled
spintronics.
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