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Reversible manipulation of the topological Hall effect by hydrogen
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We demonstrate that the topological Hall effect (THE) in a Pd/Tm;FesO;, (TmIG) bilayer can be delicately
manipulated by H, with a maximum 100% tunability in the reversible manner. This phenomenon originates
from the variation of the Dzyaloshinskii-Moriya interaction (DMI) at the Pd/TmIG interface, which can be
effectively tuned by the absorption/desorption of H, in Pd. Furthermore, we show that the THE in a Pd/W/TmIG
trilayer barely changes by applying H, even the W layer is only 1-nm-thick, which indicates that the DMI
generated by the W/TmlIG interface is responsible for the THE, and the change in the net spin accumulation
at the W/TmlIG interface has no effect on the THE. Finally, we show that the Cu/TmlG interface can generate
sufficient interfacial DMI to induce THE, even Cu is a light metal with weak spin-orbit coupling. Our study
provides a simple approach to delicately manipulate the THE in spintronic devices and paves a practical way for
developing more sensitive hydrogen sensors based on the spintronic technology.
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I. INTRODUCTION

Magnetic skyrmions are promising for memory and logic
devices due to their topological protection, nanoscale sizes,
and low-energy consumption [1-7]. As the signature of the
magnetic skyrmions, the topological Hall effect (THE), pro-
vides a simple way to electrically detect the skyrmions [8].
Recently, THE has attracted intensive studies in heavy metal
(HM) /ferrimagnetic insulator (FMI) bilayers, due to the po-
tential advantages of FMIs [9-13]. The low damping property,
long spin transmission length, and absence of the Ohmic
loss of FMI ensure high-speed response with ultra-low-energy
consumption in the memory and logic devices. Applausive
results have been reported in previous studies [8,14—18]. For
instance, Shao er al. reported the observation of the THE
in a Pt/TmsFesO;; (TmIG) bilayer [8]. Ahmed ef al. re-
ported a prominent THE in Pt/TmIG and Pt/Y3;Fes0;, (YIG)
bilayers [14]. Lee and co-workers also reported the THE
in Pt/TmIG and Pt/YIG bilayers [15,16]. However, despite
these applausive achievements, essential problems still remain
elusive. First, the source of the interfacial Dzyaloshinskii-
Moriya interaction (DMI) responsible for the THE and
topological spin texture in the HM/FMI bilayer is still in
controversy. In the reports of Lee and co-workers, they in-
terpreted that the DMI responsible for the THE originates
from the HM/FMI interface [15,16]. In the report of Caretta
et al., they interpreted that this DMI stems from the intrinsic
spin-orbit coupling (SOC) induced by the rare-earth orbital
magnetism near the HM/FMI interface [13]. In the report of
Vélez et al., they interpreted that the net DMI is a compe-
tition between HM/FMI and FMI/substrate interfaces with
opposite chirality, and the FMI/substrate interface contributes
dominantly [19]. Moreover, to effectively control the THE in
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a reversible way is essential for the application of THE-based
spintronic devices, which is reported here. To solve these
two problems is important in both fundamental and practical
aspects of spintronics.

In this paper, we demonstrate that the THE in a
Pd/TmIG bilayer can be reversibly manipulated by the
absorption/desorption of H, gas in Pd, and the tunability of
the THE resistivity reaches 100%. Our result confirms that the
origin of the interfacial DMI is from the HM/FMI interface,
which solves the controversy in previous reports. We further
fabricated Pd/W/TmlG trilayer and conducted the THE mea-
surement by applying H,, and interestingly, we find that both
the change in the net spin current and the Pd/W interface have
no effect on the THE, even the W layer is only 1-nm thick.
Finally, we show that the Cu/TmIG interface can generate
sufficient interfacial DMI to induce THE, even Cu is a light
metal with weak SOC.

II. EXPERIMENTAL METHODS

For the sample fabrication, a 3-nm-thick TmIG film was
deposited on (111)-oriented Gd3;Sc,Gaz;O;, single-crystal
substrates at 700 °C by magnetron sputtering from a TmIG
target. Pure argon gas was applied for the deposition. After
cooling down to the room temperature, Pd, W, and Cu layers
were deposited on the TmIG surface, respectively, without
breaking the vacuum. The film thickness was controlled by
the deposition time with a precalibrated deposition rate. The
Hall effect was measured by patterning the films into Hall bar
devices. For the measurement, the devices were set up in an
enclosed cell with inlet and outlet where the mixture of H,
and N, gases was fed through the inlet and exhausted through
the outlet. The gas pressure in the cell was kept as same as
the outside ambient. The H, concentration Q is defined as the
amount of H, in the mixture of the H, and N, gases. Before
the measurement, pure N, was supplied. Then, the mixture of
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FIG. 1. (a) Schematic of the THE in Pd/TmlG bilayer reversibly
manipulated by H, absorption and desorption. (b) Variation of the
Hall resistivity py, in the Pd (2 nm)/TmIG (3 nm) bilayer by chang-
ing the H, concentration Q. The OHE are subtracted and the curves
are horizontally shifted for clarity. The time interval between each
measurement at different Q was about 20 minutes, which is sufficient
for the completion of H, absorption/desorption due to the ultrathin
Pd thickness.

H, and N, gases were applied for 20 min, which is sufficient
for the completion of hydrogen (H) absorption/desorption
due to the ultrathin Pd thickness. Therefore, the time interval
between each measurement at different Q’s is about 20 min.

III. RESULTS AND DISCUSSION

As shown in Fig. 1, when the current flows through the
Pd/TmlG interface, the electromagnetic field generated by
the skyrmion gives rise to the transverse Hall current. This
will induce a peak in the measured Hall resistivity curves.
By applying H,, the skyrmion can be annihilated, leading
to the vanishment of the peak in the Hall resistivity curves.
The measured Hall resistivity is expressed as pxy = pong +
OAHE + OTHE, Where ponE, panE, and prgg are the ordinary
Hall effect (OHE) proportional to H,, anomalous Hall effect
(AHE) proportional to the perpendicular magnetization of
TmlIG and THE proportional to the density of the topological
spin texture, respectively [15]. Figure 1(b) exhibits the Hall
resistivity curves of the Pd (2 nm)/TmlIG (3 nm) bilayer after
subtracting the linear OHE background. When the H, con-
centration Q is 0%, a peak can be clearly observed in the Hall
resistivity curve. The saturation at large magnetic field is due
to the AHE, and the peak at lower magnetic field is due to the
THE. It is noteworthy that the intensity of the peak gradually
decreases by increasing Q. When Q is 6%, the peak vanishes,
and only the AHE signal can be observed. By changing Q to
0%, the peak recovers again.

To directly compare the THE variation with H,, we further
subtracted the AHE contribution using the method reported
in previous studies [14,15]. The AHE resistivity is fitted by
a tanh(H,/Hy) function, where Hj is a fitting parameter as

shown in Figs. 2(a) and 2(c). Figures 2(b) and 2(d) show the
prHE curves after the pagg subtraction for Q = 0% and 6%,
respectively. When Q is 0%, a prgg peak value of 1.3 nQ2 cm
with a THE field range of about 4 kOe can be observed.
Although, the prug peak completely vanishes by increasing
Q to 6%. This result indicates that the tunability of the THE
in the Pd/TmlIG bilayer can reach 100%. Figure 2(e) further
exhibits the delicate manipulation of pryg by gradually chang-
ing Q. We also conducted the measurement by increasing
the repeated cycles to test the long-term performance of the
THE manipulation, and confirm that the reversible change is
relatively stable without obvious decay as shown in Fig. 2(f).

The above result unambiguously demonstrates that the
THE in the Pd/TmIG bilayer can be delicately manipulated by
H, with 100% tunability in the reversible manner. Pd is known
as a H, sensing material, and the H, absorption/desorption
in Pd has been widely studied [20,21]. The absorption of
hydrogen can expand the Pd lattice. One might doubt that
the strain induced by this expansion may affect the THE. In
our Pd/TmlIG bilayer, by increasing Q from 0% to 6%, the
Pd resistance changes about 2%. According to the previous
study, the 2% change of the resistance indicates a 2% atomic
ratio between the absorbed H and Pd atoms [22]. With this
small amount of H atoms, the expansion of Pd lattice can
be neglected due to that the H atom is much smaller than
Pd atom, which will first occupy the interstitial positions
between the Pd atoms. Thus, the strain effect is unlikely to
be responsible for the variation of the THE. Another possible
origin is that the variation of the net spin accumulation at
the Pd/TmlIG interface induced by the modified spin-diffusion
length in Pd may affect the THE since the change in the Pd re-
sistance induced by the H, absorption affects its spin-diffusion
length [23]. This will be verified in the latter section, which
can also be excluded. The change in the THE can originate
from the hydrogen-induced variation of the interfacial DMI.
It is well known that the interfacial DMI is responsible for the
THE and skyrmion [1]. Previous study on the spin-orbit torque
in a Pd/Nig;Fej9 bilayer manipulated by H, has confirmed
that the H, absorption/desorption significantly influences the
Pd/Nig Fe 9 interface especially the spin mixing conduc-
tance [24]. In our Pd/TmlIG bilayer, the absorbed hydrogen at
the Pd/TmlG interface essentially affects the interfacial DMI,
which leads to the variation of the THE. Since hydrogen only
tunes the Pd/TmlIG interface, our result provides a solid evi-
dence that the DMI at the HM/TmIG interface is responsible
for the THE and skyrmion in the HM/FMI bilayers.

Our paper demonstrates that H, absorption in Pd is a
powerful tool to tune the Pd/H,-unreactive-material interface.
Therefore, in the following, we fabricated Pd (1.5-nm)/W (1-
nm)/TmIG (3-nm) trilayer to investigate whether the change
in the net spin accumulation at the HM/TmIG plays a role
on the THE. Figure 3(a) shows the OHE-subtracted Hall
resistivity curves by systematically changing Q. The curves
were vertically shifted for clarity. By increasing Q from 0%
to 100%, it can be seen that although p,, gradually increases,
the peak due to the THE barely changes. Figure 3(b) shows
that the electrical resistance of the device gradually increases
due to the H, absorption, which confirms the H, absorption
of Pd, consistent with previous reports [21,24]. We sepa-
rately plotted papg and pryg in Figs. 3(c) and 3(d) to clearly
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FIG. 2. (a) The Hall resistivity py, and (b) the THE resistivity pryg curves of the Pd (2 nm)/TmlG (3 nm) bilayer when the H, concentration
Q is 0%. (c) The corresponding p,, and (d) prug curves when Q is 6%. (e) Variation of the pryg curves by changing Q. The curves are
horizontally shifted for clarity. (f) Reversible change of pryg by alternatively changing Q.

compare their variations with Q. As shown in Fig. 3(c), paug
gradually increases with Q. This is due to the enhancement
of the net spin accumulation at the W/TmlG interface. It is
known that the sign of the spin Hall angles of Pd and W
are opposite [25]. Therefore, in the Pd/W /TmlIG trilayer, the
spin current generated from the Pd layer injects into the W
layer and partially cancels out the spin current generated in
the W layer, which weakens the net spin accumulation at
the W/TmIG interface. When applying H,, the absorption
of hydrogen at the Pd/W interface reduces the interfacial
transparency, and cuts down the spin current injected into the
W layer, leading to an enhancement of the net spin accumu-
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FIG. 3. (a) The Hall resistivity py, curves of the Pd (1.5 nm)/W
(1 nm)/TmlG (3 nm) trilayer by changing Q. The curves are verti-
cally shifted for clarity. Variation of the (b) electrical resistance Roi,
(c) AHE resistivity pagg and (d) THE resistivity pryg curves with Q.
the curves in (c) and (d) are horizontally shifted for clarity.

lation at the W/TmlIG interface. This will enhance the AHE
resistivity signal due to that the AHE resistivity signal in the
Pd/W/TmlIG trilayer originates from the spin Hall magne-
toresistance [26]. Figure 3(d) exhibits the Q dependence of
prae. Interestingly, ptgg barely changes with Q, even we
applied maximum 100% H,. This result indicates that the
change in the net spin accumulation at the W/TmlG interface
has no effect on the THE. The average value of the pryg is
obtained as about 0.28 n2 cm in the Pd/W /TmlIG trilayer.
The above paper indicates that the net spin accumulation
is responsible for the AHE, and the DMI at the metal/ TmIG
interface is responsible for the THE, which gives us a practi-
cal approach to study whether a light metal/TmIG interface
can induce sufficient interfacial DMI to generate THE. In
the following, we fabricated a Pd (1.5-nm)/Cu (1-nm)/TmIG
(3-nm) trilayer and conducted the measurement. Cu is known
to have weak SOC with small spin Hall angle (~0.0032)
and long spin-diffusion length (~500 nm) [27]. Therefore,
in the Pd/Cu/TmlG trilayer, the spin current generated from
the Pd layer transports through the Cu layer and reaches the
Cu/TmlG interface, which is responsible for the AHE signal.
If the Cu/TmlG interface has sufficient interfacial DMI, then,
the THE signal can be observed. For comparison, we first
fabricated a Cu (2-nm)/TmlIG (3-nm) bilayer and conducted
the measurement. As shown in Fig. 4(a), no signal can be
observed in the Cu/TmlIG bilayer, consistent with the weak
SOC of Cu. Figure 4(b) demonstrates the Hall resistivity
curves of the Pd/Cu/TmlIG trilayer by changing Q. The THE
can be clearly observed in the curves. pagg and pryg were
separately plotted in Figs. 4(c) and 4(d). By increasing Q
from 0% to 100%, paue gradually decreases. This result is
completely opposite to that of the Pd/W/TmlIG trilayer and
well consistent with our expectation. In the Pd/W/TmIG tri-
layer, the net spin accumulation at the W/TmlIG interface is
determined by the competition between Pd and W. Although,
in the Pd/Cu/TmlIG trilayer, the net spin accumulation at
the Cu/TmlG interface is determined by the spin generation
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FIG. 4. (a) The Hall resistivity p,, curves of the Cu (2 nm)/
TmlG (3 nm) bilayer. A 1-nm-thick SiO, layer was capped to protect
Cu from oxidation. (b) The Hall resistivity p,, curves of the Pd
(1.5 nm)/Cu (1 nm)/TmIG (3 nm) trilayer by changing Q. (c) AHE
resistivity pape and (d) THE resistivity prug curves with Q. the
curves are horizontally shifted for clarity.

in Pd and the spin transport through Cu. The hydrogen in-
corporation at the Pd/Cu interface reduces the spin mixing
conductance, which cuts down the spins injected into the Cu
layer, leading to the reduction of the spin accumulation at
the Cu/TmlIG interface. As shown in Fig. 4(d), prug barely
changes with Q, which confirms that the THE is determined
by the Cu/TmlG interfacial DMI, consistent with the THE
result in the Pd/W/TmlIG trilayer. The average value of the
praE is obtained as about 0.077 n2 cm in the Pd/Cu/TmIG

trilayer, which is smaller than that in the Pd/W /TmlIG trilayer
due to the weak SOC of Cu. Our paper confirms that even
a light metal with weak SOC attached with TmIG can still
generate sufficient interfacial DMI to induce THE, which may
stimulate the study of the DMI and the skyrmion in light
metal /magnet heterostructures in the future.

IV. CONCLUSIONS

To summarize, we demonstrate that the THE in a Pd/TmIG
bilayer can be delicately manipulated by H, with a maximum
100% tunability in the reversible manner. This phenomenon
originates from the variation of the DMI at the Pd/TmIG
interface, which can be effectively tuned by the absorption
and desorption of H,. Furthermore, we show that the THE in
a Pd/W/TmlIG trilayer barely changes by applying H, even
the W layer is only 1-nm thick, which indicates that the DMI
induced at the W/TmlG interface is responsible for the THE,
and the change in the net spin accumulation at the W/TmIG
interface has no effect on the THE. Finally, we show that the
Cu/TmlG interface can generate sufficient interfacial DMI to
induce THE, even Cu is a light metal with weak SOC. Our
paper provides a simple approach to delicately manipulate the
THE and skyrmion in spintronic devices, and paves a practical
way for developing more sensitive hydrogen sensors based on
the spintronic technology.
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