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We demonstrate reversible voltage control of perpendicular exchange bias via H+ pumping in a
NiO/Pd/Co/Pd/Gd(OH)3 /Au heterostructure at room temperature. The perpendicular exchange bias results
from a tailored layer structure consisting of an antiferromagnetic NiO layer and a ferromagnetic Co layer, stabilized by an ultrathin Pd interlayer. Voltage mediated H+ pumping through the Gd(OH)3 layer and subsequent
H absorption at the Pd/Co interface leads to a decrease in the perpendicular anisotropy. In consequence, also the
perpendicular exchange bias vanishes upon voltage application (3V). During voltage switch-off, this process
reverses and perpendicular exchange bias recovers. The first voltage switching cycle shows relatively slow
kinetics and an inverse relation of exchange bias and coercivity changes. We discuss these features with regard
to an H-induced crystallization of the initially amorphous Pd/Co/Pd trilayer, which is revealed by transmission
electron microscopy. With subsequent voltage switching steps, a decrease of the exchange bias field in the voltage
switch-off state is observed, which levels off with increasing cycle numbers. A reversible setting of exchange
bias field values is achieved when a magnetic field (+/− 2 kOe) is superposed during the H loading step. In this
case, the shift of the exchange bias field can be controlled by the direction of the applied magnetic field. These
results open an innovative route to electrically control exchange bias.
DOI: 10.1103/PhysRevMaterials.5.L061401

I. INTRODUCTION

In modern nanomagnetic based technology, exchange bias
(EB) is required for giant- or tunneling magnetoresistive sensors [1–3]. Research on EB has started in 1956 [4] and the
EB systems under investigation showed a magnetization in the
film plane. The first report on perpendicular EB was published
in 2001 [5]. Since then, perpendicular EB is highly interesting
for fundamental and applied research, [6] mainly due to the
advantages of a low susceptibility to thermal noise [7], and a
fast switching speed [8–10].
EB is observed in heterostructures where a ferromagnet
(FM) and an antiferromagnet (AFM) share an interface [2–4].
The interfacial exchange coupling between the FM and AFM
results macroscopically in a shift of the hysteresis loop along
the magnetic field axis [11,12]. EB can be set thermally
[13–15] or spontaneously via a structural phase transition in
the AFM [16].
Voltage control of ferromagnetic metals has evolved in
recent years as a promising approach towards low-power
switching of magnetic properties. [17–22] Voltage control
of the EB was already demonstrated by utilizing common
magnetoelectric systems (e.g., multiferroics). [23–27] These
systems often show the disadvantage of complex epitaxial
layer deposition procedures, operation below room temperature or the requirement for large voltages (kV to MV)
to achieve changes in EB. In contrast, voltage-control of
magnetism by ion migration benefits from relatively simple
2475-9953/2021/5(6)/L061401(8)

demands on the sample quality (e.g., polycrystalline films)
and low voltage requirements (few volts). With ionic mechanisms, large, reversible and nonvolatile tuning of, e.g., HC or
MS has been demonstrated at room temperature, which opens
a route towards ultralow power magnetic memory/storage,
stochastic- and neuromorphic computing and the design of
energy efficient nanodevices in general. [17,19,20,28–35]
Such effects are currently summarized under the generic term
“magnetoionic control”. So far, research on magnetoionic effects in thin films focused on the control of the properties of a
magnetic layer sandwiched between an underlying (electron-)
conducting layer and an electrolyte as the ion reservoir.
[22,36–40] Only few reports exist on changing the EB by
magnetoionic control [41–46]. In IrMn/Fe/FeOx films gated
via an alkaline electrolyte, voltage-induced modulation of the
in-plane EB was achieved via redox reactions in the ferromagnetic layer at room temperature. [43] For perpendicular EB
systems, only one publication [46] reports on magnetoionic
effects on the HC and the HEB . Oxygen ion migration is utilized to achieve a change of ≈60% in HC and up to ≈80%
in HEB . However, these oxygen-ion induced changes of the
magnetic properties were rather slow (gated by ionic liquid
for 30 min at room temperature) and measured at very low
temperatures (10 K).
Recently, the transfer from oxygen ion to hydrogen ionbased mechanisms has led to a significant improvement in
reversibility and switching speed of magnetoionic effects
in all-solid-state devices. [29] By pumping hydrogen ions
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FIG. 1. (a) Schematic illustration of the sputter deposited layer architecture and electrode connections for H+ pumping experiments. (b)
Cross-section BFTEM image of the layer stack. (c) Magnetization curves for layer stacks with (black symbols) and without (grey symbols) a
0.2 nm Pd interlayer between the NiO and Co layers as measured by polar MOKE magnetometry.

through a hydrated rare-earth oxide layer, fast (ms regime) and
highly reversible (>1000 cycles) toggling between in-plane
and perpendicular magnetic anisotropy was achieved in Co/Pd
thin films. [29,47,48] This effect relies on the voltage-induced
pumping of H into the Pd layer, which leads to a change of interface magnetic anisotropy of the adjacent Co layer. [49] We
extend this concept to the magnetoionic control of thin films
with perpendicular EB. Details on the sample preparation and
measurements are in the Appendices.
II. RESULTS

The layer stack, depicted in Fig. 1(a), is designed for
voltage control of perpendicular EB by hydrogen pumping.
The transmission electron microscopy (TEM) cross-sectional
image in Fig. 1(b) shows the layer architecture in the asdeposited state. The Ta/Pd double layer is used as a buffer
layer for adhesion and the Pd/Gd(OH)3 layers function as
the material for the hydrogen pumping [29]. The ultrathin
Co layer (0.9 nm) serves as the ferromagnetic layer with
perpendicular magnetic anisotropy, and the NiO layer (30
nm) serves as the antiferromagnetic layer. Between the NiO
layer and the Co layer, an ultrathin Pd interlayer (0.2 nm)
is inserted, which is found decisive for the achieving the
perpendicular EB. Without this Pd interlayer, i.e., when the
Co layer is in direct contact with the NiO layer, neither an
out-of-plane [Fig. 1(c) grey line], nor an in-plane (not shown)
magnetization curve is detected by magneto-optical Kerr effect (MOKE) magnetometry. As a result, the optimized layer
stack (SiO2 /Ta/Pd/NiO/Pd/Co/Pd/GdO/Au) exhibits the desired magnetization curve displaying perpendicular exchange
bias [Fig. 1(c) black curve]. The loop shift along the magnetic
field axis is opposite to the direction of the external magnetic
field applied during deposition. Such a negative EB is commonly found in most EB systems. [1]
For voltage tuning of the perpendicular exchange bias field
(HEB ), we investigate the influence of H loading [29] on the
magnetic properties of the EB layer stack. Figure 2 illustrates the influence of an applied voltage on the perpendicular
magnetization curves. Figure 2(a) shows the curve of the
virgin state (after hydration of the GdOx layer). In order to
induce the hydrogen switching mechanism [29], we apply a

gate voltage (VG ) of VG = +3 V to trigger the water-splitting
reaction and induce H absorption in the Pd/Co/Pd layers.
[29,47] At VG = +3 V is applied, a continuous change in the
magnetization curves occurs, which reflects a decrease in the
perpendicular anisotropy [Figs. 2(b)–2(d)]. After 138 s at +3
V [Fig. 2(d)], the closed magnetization curve with vanishing
MR /M1000Oe ratio and coercivity (HC ) reveals a fully in-plane
anisotropy state. When the applied voltage is set back to 0
V, the hysteresis loop recovers to an out-of-plane state [Figs.
2(e)–2(g)]. With this transition from the out-of-plane to the
in-plane state and vice versa, the perpendicular exchange bias
vanishes and recovers. The absolute value of the exchange
bias field of the recovered state [|HEB | = 83 Oe in Fig. 2(g)]
is decreased compared to the virgin state [|HEB | = 151 Oe in
Fig. 2(a)]. In contrast, the coercivity of the recovered loop
[HC = 425 Oe in Fig. 2(a)] is larger than that of the virgin
loop [HC = 522 Oe in Fig. 2(g)].
In order to study the influence of multiple H+ pumping steps on the observed magnetoionic control of EB, the
magnetic properties were measured during 11 switching cycles with repeated application of VG = +3 V and VG = 0 V
(Fig. 3). To exclude that the effects are related to the consecutive cycling of the magnetic field, the hysteresis loop
of the same sample was continuously measured for about
250 s before the voltage was applied for the first time. In
this case, no change in magnetic properties (not shown) and
exchange bias [grey data points in Fig. 3(c)] occurred. The
changes of the MR /M1000Oe ratio, coercivity and exchange bias
field for the repeated voltage application are shown in Figs.
3(a), 3(b), and 3(c), respectively. The grey shaded areas in
Fig. 3 mark the times when VG = +3 V is applied and the
white areas mark the times when VG = 0 V. At VG = 0 V, a
large MR /M1000Oe ratio [Fig. 3(a)] and a large HC [(Fig. 3(b)]
are always present, which are connected to the state with
perpendicular anisotropy. The repeatable switching to the inplane state (reflected in the vanishing MR /M1000Oe ratio and
decrease of HC ) is achieved for all voltage gating steps (VG =
+3 V), proving the reversibility of the magnetoionic control.
An appreciable perpendicular exchange bias only occurs for
the states with perpendicular anisotropy at VG = 0 V [therefore, the HEB values are plotted exclusively for these steps in
Fig. 3(c)]. Thus, with the results in Fig. 3, we demonstrate
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FIG. 2. Voltage dependent perpendicular magnetization curves of an EB layer stack upon H+ -pumping. (a) Virgin state. (b)–(d) states at
VG = +3 V, showing the decreasing perpendicular anisotropy over time (t), and (e)–(g) at VG = 0 V showing the recovery of perpendicular
anisotropy and exchange bias over time.

a reversible voltage-controlled ON/OFF-switching of perpendicular EB via ionic migration.
Besides the reversible switching between the in-plane and
out-of-plane states, Fig. 3 shows some distinct features for
the first switching cycle. After the first voltage application,
in accordance with the results in Fig. 2, a decreased (negative)
exchange bias field and an increased coercivity is observed in
the recovered state (0 V), in comparison to the virgin state.
In the subsequent cycles, only a moderate further decrease
in ─HEB and marginal increase in HC are measured for the
recovered states (0 V). Further, the time required for the
switching to the in-plane state at VG = +3 V becomes significantly shorter after the first cycle.
For a control of the EB in the recovered states during
several switching cycles, we investigate the influence of a
superposed (out-of-plane) magnetic field during H+ pumping. The application of a constant magnetic field was already
shown to increase/decrease the exchange bias field of a virgin
sample by about 5% (see Fig. S1 in the Supplemental Material [50]). Figure 4 shows the influence of a superimposed
magnetic field of +/− 2 kOe at VG = +3 V on the exchange
bias field measured afterwards for the recovered state (0 V).
The open black data point in Fig. 4 corresponds to the
last measurement step in Fig. 3(c). Then, a positive magnetic
field of +2 kOe and simultaneously VG = +3 V were applied
for 10 s. After setting the voltage back to 0 V, the recorded
hysteresis loop shows an increase in −HEB by about 10%. The
measurements sequence was repeated, but with the superposition of a negative magnetic field of −2 kOe. In this case,
after voltage switch -off, a decrease of −HEB by about 15%
is obtained with respect to the starting state (open black data
point in Fig. 4). This measurement procedure was repeated
three times and resulted in a similar increase/decrease of the

exchange bias field for positive/negative applied magnetic
fields.
In order to understand the magnetoionic mechanism in
more detail, the cross-section of the EB layer stack was characterized by high resolution (HR)-TEM before and after the
H+ pumping procedure (Fig. 5). In the virgin state [Fig. 5(a)],
an amorphous Pd/Co/Pd layer is observed on top of the crystalline NiO layer. In contrast, after the H+ pumping (after
cycle n = 8 in Fig. 4), a crystalline structure is observed
for the Pd/Co/Pd layer, with epitaxial alignment to the NiO
layer. In addition, crystallized areas are also visible within the
Gd(OH)3 layer after H+ pumping.
III. DISCUSSION

We achieve voltage control of perpendicular exchange bias
by applying hydrogen-based magnetoionics to a tailored layer
stack. For this, we introduced an antiferromagnetic NiO underlayer in a Co/Pd/Gd(OH)3 heterostructure, in which the
Co layer is known to be susceptible to hydrogen-based magnetoionic control. [29]
We found that the ultrathin Pd interlayer (0.2 nm) on top
of the NiO layer, prior to Co deposition, is crucial for EB.
Our results indicate that the direct deposition of Co on the
NiO layer leads to the formation of nonferromagnetic CoOx .
The introduction of the ultrathin Pd interlayer most likely
avoids this oxidation process and leads to the stabilization of
the ferromagnetic Co. Interestingly, the Pd interlayer does not
impede the interfacial coupling between the antiferromagnetic
NiO and the ferromagnetic layer. However, this agrees with a
study on ferromagnetic Co/Pt multilayers which also display
perpendicular EB despite the presence of an ultrathin Pt spacer
layer between the FM and the AFM FeMn layer. [51] We
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FIG. 3. (a) MR /M1000Oe ratio, (b) HC and (c) HEB extracted from
out-of-plane MOKE hysteresis measurements versus time as VG is
repeatedly set between +3 V (grey shaded area) and 0 V.

propose that the stabilization of EB could be connected to the
formation of a Co-Pd alloy at the interface. This is consistent
with the HR-TEM images of the virgin state [Fig. 5(a)] and the
elemental mapping after H+ pumping [Fig. 5(c)], in both of
which the ultrathin Pd interlayer is not clearly distinguishable
as a separating layer between the Co and the NiO.

FIG. 5. Cross-sectional HR-TEM on an exchange bias layer
stack. (a) Virgin sample and (b) sample after H+ pumping. (c) Crosssection elemental mapping of a larger section of the film after H+
pumping, where Pd, Ni and Co are color-coded in blue, red, and
green, respectively.

FIG. 4. Influence of a superimposed magnetic field during H+
pumping on the exchange bias field of the recovered state afterwards
(n is the measurement steps).

Upon H+ pumping, a decrease of coercivity and remanence
ratio occurs and the perpendicular exchange bias vanishes.
This behavior is reversible and can be directly explained by
the decrease of perpendicular anisotropy of the Co layer due to
voltage induced H+ migration through the Gd(OH)3 and subsequent H adsorption at the Co layer. [29] Thus, this presents
the control of perpendicular EB via voltage induced hydrogen
ion migration Our approach benefits from the application of
a low voltage (3 V) compared to other magnetoelectric systems (kV to MV). [23–27] Improvements with regard to the
switching speed can be achieved by selecting an optimized
oxide [48]. We assume that also a careful investigation of the
magnitude of the gate voltage could lead to faster switching.
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Our system could thus provide further directions towards low
power tunable perpendicular EB systems in high-density spintronic devices.
It is worth mentioning that the observed voltage induced
H+ pumping effects on the magnetic properties are localized
within the area beneath the Au electrode. The magnetization
curve characteristics next to the Au electrode are not affected,
see Supplemental Material S2. In common voltage-induced
EB control in multiferroic heterostructures, the EB is usually
manipulated across the whole film area via strain coupling.
[52] Only few reports are available which demonstrate a local
patterning of EB via a voltage through resistive switching
of the AFM layer [44] or a redox reaction of the FM layer
[43]. Our results thus present an original approach for a
local patterning of EB via a voltage. As here, no sophisticated vacuum systems are needed and just a simple electrode
contacting set up is required, our approach would offer advantages over previously reported local EB patterning approaches
via, e.g., laser or ion irradiation [53,54], on lithographically
produced magnetic nanostructures [3,55] or on thermally assisted magnetic scanning probe lithography [56]. We thus
propose voltage induced local patterning by H+ pumping as
another possibility for postfabrication control of EB systems.
The distinct differences in the first-time switching process
(Fig. 3, 15–80 s) allow us to discuss the initial processes
during magnetoionic switching. During the first-time gating
at +3 V, a slower kinetics until the full in-plane switching is
observed. Also, the changes in HC and HEB between virgin and
recovered (0 V) state are larger after the first gating step than
after the subsequent gating steps. Interestingly, a decrease in
the negative exchange bias field (by ≈−33%) is observed,
while at the same time coercivity increases (≈+22%). This
inverse scaling of HC and |HE B | after the first H+ pumping
step is unusual. In common EB systems, HC and |HEB | scale
with each other, because the exchange bias gives an intrinsic
contribution to coercivity. [57] Thus, in the present case, the
coercivity increase cannot be caused by the change of the
exchange bias, but must have a separate origin. Our results
indicate that the distinct feature of the first cycle, namely
the slow kinetics and the increase of coercivity, are related
to a microstructural activation/transformation process. Upon
H+ pumping, hydration of the Pd layer is known to occur
[29], which will lead to expansion and straining of the initial
Pd layer. This could induce magnetoelastic effects in the Co
layer and thereby impact coercivity. However, in the initial
state, the Pd/Co/Pd structure is amorphous [Fig. 5(a)] and
the magnetoelastic interactions are expected to be small due
to the microstructural randomness. [58–61] In contrast, the
observed transformation from amorphous to crystalline state
in the Pd/Co/Pd layer region [Figs. 5(a) and 5(b)] provides a
direct explanation for the increase in coercivity. We propose
that crystallization is triggered when H enters the structure for
the first time. Such H-induced crystallization of amorphous
metals has indeed been reported previously. [62,63] Amorphous layers in general show softer magnetic properties (i.e.,
lower HC ) compared to their crystalline counterparts. [64,65]
This can be understood by the introduction of grain boundaries in crystalline layers which add domain wall pinning
sites to the system, and thereby lead to a coercivity increase.
Thus, the increased coercivity after the first H+ pumping step

can be assigned to the introduction of grain boundaries upon
crystallization. We propose that the solid-state crystallization
process only occurs during the first-time hydrogenation. This
is consistent with the prolonged switching time required during the first step. Also, the marginal change in HC during the
subsequent cycles [see Fig. 3(b)] indicates that crystallization
is completed after the first cycle.
As a trend, the |HEB | of the recovered states (0 V) decreases
with increasing cycle numbers. The rate of this decrease slows
down and almost settles after cycle number 8 (∼500 s in
Fig. 3(c)]. This behavior could be due to a voltage-induced
training effect [66] or/and a voltage-induced thermal after
effect (see discussion S3 in the Supplemental Material). We
demonstrated that this continuous decrease can be stopped
by magnetic-field-assisted gating. Then, the polarity of the
superposed magnetic field determines the direction of the EB
change (Fig. 4). This possibility to tune the EB by superposing
a gate voltage and a magnetic field provides an innovative
route to design EB systems in general, e.g., as an alternative
to field cooling procedures via postannealing treatments. Such
magnetic-field assisted gating to control EB can be applied
on a local scale and can be much faster than conventional
methods for EB setting.

IV. CONCLUSION

We prepared NiO/Pd/Co/Pd-based thin films with perpendicular exchange bias suitable for magnetoionic control by
H+ -pumping. The introduction of an ultrathin Pd interlayer
proved decisive to establish the exchange bias in this layer
system. Upon magnetoionic H+ pumping achieved by voltage gating, the perpendicular magnetic anisotropy switches
to in-plane magnetic anisotropy. In consequence, the associated remanence, coercivity, and exchange bias field of the
ferromagnetic layer vanish during voltage-gating. The process
reverses during voltage switch-off. We demonstrate that this
low-voltage-induced switching of magnetic properties in a
perpendicular EB system is highly reversible. For the first
cycle, the magnetoionic process is slower and an increased
coercivity is observed for the recovered state in comparison to
the virgin state. These features are explained by a hydrogeninduced crystallization process of the initially amorphous
Pd/Co/Pd layers. The absolute exchange bias field continuously decreases with the voltage cycling steps, indicating a
voltage induced training effect and/or thermal after effect. We
find that a combined voltage- and magnetic field routine is
effective to increase and decrease the value of HEB in a controlled manner. This work shows an innovative path towards
local (voltage) control of exchange bias systems as well as
magnetic nanodevices in general.
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APPENDIX A: SAMPLE PREPARATION

The layer system consisted of Ta (3 nm)/Pd (10 nm)/NiO
(30 nm)/Pd (0.2 nm)/Co (0.9 nm)/Pd (5 nm)/GdOx (10
nm)/Au (3 nm) layers grown on a thermally oxidized Si/SiO2
substrate. For deposition, the substrate was mounted on a 1 ×
1 cm2 surface of a flat permanent magnet, where a magnetic
field of 2.8 kOe with the magnetic north pole perpendicular to
the substrate surface existed. The layers were subsequently
deposited by dc magnetron sputtering at room temperature
and at 3 mTorr Ar pressure. The oxide layers were deposited
via dc reactive sputtering with a partial oxygen pressure
of 0.07 mTorr. Prior to GdOx deposition, a corner of the
Pd/Co/Pd layer was protected with aluminum foil; this uncovered Pd/Co/Pd corner then served as the bottom contact for the
gating experiments. After the layer deposition, the hydration
of the GdOx into Gd(OH)3 was performed at 70 °C, following
the procedure described in Ref. [47]. On top of the hydrated
layer system, circular Au top electrodes with a diameter of
200 μm and a thickness of about 8 nm were fabricated using
dc magnetron sputtering through a shadow mask.

another CuBe probe in contact with the previously covered
Ta/Pd/NiO/Pd/Co/Pd layer [see Fig. 1(a)]. All experiments
were performed at room temperature. The ratio of the remanence (MR ) versus the magnetization at 1000 Oe (M1000Oe )
for the out-of-plane magnetization curve was determined by
taking the MOKE intensity value at H = 0 in the ascending
field branch of the normalized MOKE hysteresis loop.

APPENDIX C: STRUCTURE AND MICROSTRUCTURE
MEASUREMENTS

A polar MOKE setup was used for measuring the magnetization curves before and during the H+ pumping experiments.
The setup consisted of a 2.5-mW laser with a wavelength of
660 nm. The gate voltage was applied using one CuBe probe
in contact with the edge of the circular Au top electrode and

TEM cross-section lift-out lamellas of the layer stack
were prepared by focused ion beam milling. To resolve the
nanoscopic structure of the layers, bright-field (BF) TEM and
HRTEM were performed with an aberration-corrected Titan3
80–300 TEM instrument (ThermoFisher Company, USA)
providing a resolution of 0.08 nm. The TEM images were
acquired at an acceleration voltage of 300 kV and recorded
with a 2k by 2k slow-scan CCD camera (Type Gatan UltraScan1000). To conduct qualitative elemental mapping, we
carried out energy-filtered TEM (three window method) using
a postcolumn Gatan imaging filter (GIF Trideiem, Gatan, Inc.,
US). We thereby exploited the inner-shell electrons excitations of respective elements by the highly energetic TEM
beam electrons. For Pd mapping we used the M4,5 edge at
335 eV, for Co mapping the M2,3 edge at 60 eV, and for Ni
mapping the M2,3 edge at 68 eV.
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