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ReseaRch aRticle

Lithium-Ion Battery Technology for Voltage Control 
of Perpendicular Magnetization

Maria Ameziane, Rhodri Mansell, Ville Havu, Patrick Rinke, and Sebastiaan van Dijken*

The voltage control of magnetism is a promising path to the development 
of low-power spintronic devices. Magneto-ionics—exploiting voltage-driven 
ion migration to control magnetism—has attracted interest because it can 
generate large magnetoelectric effects at low voltage. Here, the use of the 
solid-state lithium-ion battery technology for reversible voltage-controlled 
switching between perpendicular and in-plane magnetization states in a Co–
Pt bilayer is demonstrated. Due to the small size and high mobility of lithium 
ions, small voltages produce an exceptionally high magnetoelectric coupling 
efficiency of at least 7700 fJ V–1 m–1 at room temperature. The magnetic 
switching effect is attributed to the modulation of spin-orbit coupling at the 
Co–Pt interface when lithium ions migrate between a lithium storage layer 
(LiCoO2) and the magnetic interface across a lithium phosphorous oxynitride 
(LiPON) solid-state electrolyte, which is corroborated by density functional 
theory calculations. Voltage control of magnetism in the battery structure 
does not show degradation over more than 500 voltage cycles, demonstrating 
promise for solid-state lithium-based magneto-ionic devices.
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investigated,[4–6] which can achieve faster 
charging, longer lifetimes, and higher 
energy densities.

Deterministic control of magnetic prop-
erties via voltage gating enables the design 
of low-power spintronic devices, including 
nonvolatile memory and logic,[7–9] by min-
imizing the energy losses caused by Joule 
heating. Voltage control of magnetism 
via ion migration, or magneto-ionics, has 
emerged as a promising approach because 
the magnetic response to small voltages 
can be very strong compared to that of 
other magnetoelectric coupling mecha-
nisms based on strain, exchange coupling, 
or charge carrier modulation.[10,11] Mag-
neto-ionics utilizing oxygen or hydrogen 
ions has been shown to alter the mag-
netic anisotropy,[12–17] exchange bias,[18,19,20] 
saturation magnetization,[12–17,21–23] Curie 
temperature,[21] Dyaloshinskii–Moriya 
interaction (DMI),[24] ferrimagnetic 

order,[25] and ferromagnetic resonance.[26] The use of lithium 
ions has also attracted interest because of their small size, the 
capacity for reversible intercalation, and fast diffusion kinetics. 
Most studies have focused on the intercalation and deinterca-
lation of lithium ions in spinel ferrite films using liquid elec-
trolytes[27–31] or solid-state heterostructures,[32,33] demonstrating 
large changes of magnetization through bulk electrochemical 
processes. Moreover, metallic magnetic films have been manip-
ulated through lithium insertion into amorphous CoFeB[34] or 
an adjacent antiferromagnetic oxide layer.[35]

Many magnetic and spintronic devices, including mag-
netic hard disk drives,[36] magnetic random-access memory 
(MRAM),[37] magnetic racetrack memory,[38] and proposals 
for magnetic logic,[39] neuromorphic computing,[40] and skyr-
mion-based devices[41] utilize ultrathin ferromagnetic films 
with perpendicular magnetization. These technologies rely 
on magnetic switching, driven magnetization oscillations, or 
the motion of magnetic domain walls or skyrmions, induced 
by a magnetic field or electric current. In all applications, the 
saturation magnetization of the film does not change during 
device operation. For the development of low power spin-
tronics, voltage control of magnetic switching without a reduc-
tion of magnetization is therefore crucial. This goal is particu-
larly challenging for magneto-ionics, as electrochemical pro-
cesses initiated by ion migration into or away from ultrathin 
ferromagnetic films tend to simultaneously alter the magnetic 
anisotropy and the saturation magnetization.[12–17] Voltage-
controlled switching between perpendicular and in-plane 

1. Introduction

Lithium ions play a prominent role in modern rechargeable 
batteries for personal electronics and electric vehicles. Lith-
ium-ion batteries combine high operating voltages with high-
density energy storage into lightweight designs and operate 
efficiently under demanding conditions for many charging 
cycles.[1–3] Most commercially available lithium-ion batteries 
rely on liquid electrolytes that often contain highly flammable 
organic substances that can constitute a hazard during use. To 
overcome this, all-solid-state architectures are being actively 

© 2022 The Authors. Advanced Functional Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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magnetization states without loss of magnetization has been 
demonstrated in systems utilizing ionic-liquid gating[42] or 
interface strain transfer.[43]

Here, we demonstrate reversible voltage-controlled mag-
netic switching in a thin Co/Pt electrode layer using a solid-
state lithium-ion battery structure. The magnetization of the Co 
film is switched from perpendicular to in-plane when lithium 
ions migrate from a LiCoO2 storage layer into the Co/Pt elec-
trode. The process, which operates at room temperature on a 
sub-second timescale, does not measurably alter the saturation 
magnetization of Co. Ab-initio calculations based on density 
functional theory (DFT) corroborate the experimental results. 
Our work demonstrates how the combination of miniaturized 
lithium-ion battery designs with relevant perpendicularly mag-
netized thin films can advance low-power spintronic devices.

2. Results

The magneto-ionic solid-state battery structure consists of a 
2 nm Ta/5 nm Pt/20 nm LiCoO2/70 nm LiPON/3 nm Co/5 nm 
Pt multilayer on top of a Si/SiO2 substrate (Figure 1a). The 
entire stack is grown by magnetron sputtering at room tem-
perature. In the battery structure, the LiCoO2 film acts as a 
source of lithium ions[44] (cathode) and the LiPON solid-state 
electrolyte efficiently transports the lithium ions between the 
LiCoO2 storage layer and the Co/Pt electrode (anode).[45,46] The 
multilayer is patterned into crossbar junctions (Figure  1b,c) 
with a junction size of 200 ×  200 µm2 using shadow-masking 
during film growth. Details of the fabrication process are 
given in the Experimental Section. During characterization, a 
bias voltage is applied to the Ta–Pt bottom electrode and the 
Co–Pt top electrode is grounded. Li+ ions thus migrate from the 
LiCoO2 film through the LiPON electrolyte to the Co–Pt bilayer 
during the application of a positive voltage (discharge process). 
A negative voltage reverses the direction of Li+ ion migration 
(charge process). For all measurements the voltage is refer-
enced to the power supply ground.

We first characterize the battery properties of the magneto-
ionic junctions. Figure 2a shows cyclic voltammograms (CVs) 

recorded at the start of and after extensive voltage cycling 
between −2.0 and +2.5  V. The voltammograms display char-
acteristics typical of a pseudocapacitive lithium-ion battery 
system, without sharp peaks that would indicate the presence 
of faradaic redox reactions.[47,48] The changes observed in the 
CVs after cycling are likely due to local structural changes in 
the electrode layers induced by lithium insertion and de-inser-
tion.[49,50] We estimate the total charge storage capacity of the 
magneto-ionic battery cell by measuring galvanostatic charge–
discharge curves under constant current flow (Figure 2b). The 
charge–discharge capacity (C) plotted in the graph is derived 
from C  = IΔt, where I is the current and Δt is the charge–
discharge time. The charge–discharge profiles are consistent 
also with those of a pseudocapacitive thin-film battery.[47,48] The 
minor change in the charge–discharge behavior as a function 
of current, and thus the charging and discharging rate, indicate 
minimal capacity loss and a high degree of reversibility during 
voltage cycling.

A chronoamperometry measurement, shown in Figure  2c, 
was performed to evaluate the robustness of our magneto-
ionic structure under repeated voltage switching. Here, the 
voltage was switched from −2 to +2.5 V in 2 s intervals for over 
500 cycles, causing lithium ions to migrate to the Co/Pt elec-
trode and back to the LiCoO2 electrode, respectively. The meas-
urement indicates a capacitor-like current decay after voltage 
switching with minor changes in the overall current profile 
after hundreds of cycles. The equilibrium current after voltage 
switching is reached in under 2 s. The minor decrease of peak 
currents over time is also believed to originate from structural 
changes to the system caused by lithium-ion migration into 
and out of electrode layers.[49,50] The ionic conductivity of the 
LiPON layer was found to be ≈1.3 × 10–6 S cm–1 at room temper-
ature and the activation energy for ion hopping was estimated 
as 0.34 ± 0.02 eV from electrochemical impedance spectroscopy 
measurements (Figure S1, Supporting Information). The ionic 
conductivity of the electrolyte is comparable to values reported 
in literature,[51,52] while the activation energy is slightly lower 
than typically reported.[51] These results combined show that 
the magneto-ionic crossbar junctions operate as stable, cyclable 
batteries with excellent lithium-ion transport properties.

Adv. Funct. Mater. 2022, 32, 2113118

Figure 1. Magneto-ionic solid-state battery structure. a) Schematic of the multilayer stack and biasing configuration. b,c) Image of a 10 × 10 mm2 sample 
with multiple crossbar junctions and a close-up of a patterned battery structure.
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Having demonstrated the battery behavior of the crossbar 
junctions, we move on to study the effects of an applied voltage 
on the magnetic layer. In Figure 3a,b, we show the voltage 
control of magnetic anisotropy through magneto-optical Kerr 
effect (MOKE) measurements. At −2.0  V, a square hysteresis 
curve with full remanence is recorded in a perpendicular 
magnetic field (Figure  3a), but no signal is measured for an 
in-plane magnetic field (Figure  3b). The effect is reversed 
at +2.5  V. Lithium-ion migration to the Co/Pt electrode 
under positive voltage thus switches the magnetization from 

perpendicular to in-plane, while the removal of lithium from 
the Co/Pt bilayer at negative voltage restores the perpendicular 
magnetic anisotropy.
Figure 4 shows the voltage dependence of the polar MOKE 

loops in 0.5 V steps. Starting at −2.0 V in Figure 4a, the shape 
of the hysteresis curve transforms gradually with increasing 
voltage. At first, the hysteresis curve remains square on going 
from −2.0 to 0  V, while the coercivity decreases, consistent 
with an effect that alters the magnetic anisotropy but not the 
saturation magnetization. At +1.0 V, the magnetization switches 

Adv. Funct. Mater. 2022, 32, 2113118

Figure 2. Electrical and electrochemical properties of the magneto-ionic battery. a) Cyclic voltammograms from −2.0 to +2.5 V recorded with a scan 
rate of 50 mV s–1. Data obtained during the first and 535th cycle are shown. b) Charge–discharge capacity measured for constant current values. The 
charging curves were obtained under positive currents ranging from 10 to 100 nA with the discharge curves obtained under negative currents of the 
same magnitude. c) Chronoamperometry measurement performed by cycling the voltage between +2.5 and −2.0 V for over 500 times in 2 s intervals. 
The first and last three cycles of the measurement are displayed in the main graph.

Figure 3. Voltage-driven magnetic switching between perpendicular and in-plane magnetization states. a) Polar MOKE hysteresis curves. b) Longitu-
dinal MOKE hysteresis curves. The blue and red curves in (a) and (b) are recorded at −2.0 and +2.5 V, respectively.
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into the film plane and remains so as the voltage is stepped up 
to +2.5  V. Changing the voltage in the opposite direction by 
starting from +2.5  V has no visible effect until a +0.5  V gate 
voltage is reached (Figure  4b). Between +0.5 and −1.0  V, an 
increase in remanent magnetization is observed while the coer-
civity changes minimally. At −1.0 V, the magnetization is satu-
rated perpendicular to the film at low applied fields and further 
decreasing the voltage gradually increases the coercivity. The 
increase of coercivity at increasingly negative voltages suggests 
that lithium ions continue to be extracted from the Co layer. 
There is also a hysteresis of the order of ≈0.5 V between the for-
ward and backward voltage stepping directions, likely due to the 
activation energy for lithium-ion transport through the LiPON 
electrolyte that creates a potential barrier for ion migration. 
Figure S2 (Supporting Information) shows the voltage depend-
ence of the longitudinal MOKE hysteresis curves. Interestingly, 
these curves do not show a significant variation of the in-plane 
saturation magnetization at positive voltages ranging from  
+1.0 to +2.5  V, i.e., when lithium ions are inserted effectively 
into the Co–Pt bilayer. These data complement the polar MOKE 
results of Figure 4 showing negligible changes in the saturation 
magnetization between −2.0 and 0 V. Insertion and de-insertion 
of lithium ions into Co/Pt therefore tunes the magnetic ani-
sotropy from perpendicular to in-plane and vice versa without 
appreciably altering the saturation magnetization.

Repeated switching of the magnetization direction in zero 
magnetic field by voltage cycling between −2.0 and +2.5  V is 
demonstrated in Figure 5a,b. In these measurements, the per-
pendicular and in-plane magnetization components are defined 
as the ratio of remnant magnetization Mr and saturation magnet-
ization Ms obtained from the polar and longitudinal MOKE hys-
teresis curves. The time scale of ion-induced magnetic switching 
is illustrated in Figure  5c. Changing the voltage from −2.0 to 
+2.5  V fully switches the magnetization from perpendicular to 

in-plane within 2 s. Reversing the voltage back to −2.0 V abruptly 
decreases the longitudinal MOKE signal before a slower decay 
sets in. The timescale of magnetic switching corresponds to that 
of the chronoamperometry measurement shown in Figure  2c, 
signifying reversible migration of lithium ions as the origin of 
the effect. We attribute the asymmetry in the voltage-induced 
magnetic response to the large open-circuit voltage of the 
crossbar junction (−1.3  V). In solid-state batteries, asymmetry 
in the electrochemical potential is always present because of dif-
ferent electrodes (Co/Pt and LiCoO2 in our battery structure). 
The magnitude of asymmetry in the ion-induced magnetic 
response is tailored by magnetic parameters such as the Co layer 
thickness. While magnetic saturation requires seconds at room 
temperature, most of the Co film magnetization reorients on a 
sub-second timescale. Reversible magnetic switching for 0.5  s 
voltage pulses is demonstrated in Figure S3 (Supporting Infor-
mation) and a MOKE microscopy video of the experiment is pro-
vided as Video S1 (Supporting Information).

3. Discussion

The results shown in this paper demonstrate the potential of 
solid-state lithium-ion battery design principles for the devel-
opment of novel functional magneto-ionic devices. Perpen-
dicular magnetization in a Co–Pt bilayer originates from the 
interfacial spin-orbit interaction at the Co/Pt interface.[53,54] 
The data in Figures 3–5 indicate that lithium insertion into the 
Co/Pt bilayer reduces the perpendicular interface anisotropy. 
Clear battery-like behavior (Figure 2) as well as the very short 
charge screening length of Co (≈0.1  nm) rule out electrostatic 
charge modulation at the Co/Pt interface as the origin of the 
voltage-induced magnetic effect. To further exclude electro-
static charge modulation as the dominant effect, we monitored 

Adv. Funct. Mater. 2022, 32, 2113118

Figure 4. Voltage-control of magnetic anisotropy. a,b) Polar MOKE hysteresis curves recorded in the −2.0 to +2.5 V voltage range using 0.5 V intervals. 
The data for increasing and decreasing voltage shown in (a) and (b), respectively, correspond to lithium-ions migrating towards and away from the 
Co/Pt bilayer. The voltage depenence of longitudinal MOKE hysteresis curves is shown in Figure S2 (Supporting Information).
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the magnetization configuration after turning the voltage off 
(Figure S4, Supporting Information). The experiments indicate 
nonvolatile magnetic behavior on a timescale of several min-
utes, in line with an ion-migration process.

To evaluate the magnetoelectric efficiency of our structure, we 
consider a magnetoelectric coupling coefficient αME  =  ΔKi/ΔE,  
where ΔKi is the change in interfacial magnetic anisotropy 
energy between perpendicular and in-plane magnetization states 
and ΔE is the electric field across the solid electrolyte. From our 
data, the magnetoelectric coupling efficiency is estimated to 
be ≥7700 fJ V–1 m–1 (see Supporting Information), which is the 
strongest magnetoelectric effect reported to date. The perfor-
mance of our device structure is promising in terms of energy 
efficiency, room-temperature operation, and its ability to switch 
the magnetization by small voltages while upholding the satu-
ration magnetization. The latter property, which contrasts with 
other studies on magneto-ionic anisotropy control in thin fer-
romagnetic films,[12–17] is likely due to the absence of redox pro-
cesses in our lithium-based system. The lack of clear redox peaks 
in the CV data of Figure  2a suggests that magnetic switching 
proceeds via an intercalation/deintercalation process instead, 
whereby lithium intercalation modulates the hybridization of 
electron orbitals at the Co/Pt interface and, thus, Ki and dein-
tercalation restores the perpendicular magnetic anisotropy. The 
effect of lithium on the magnetization and magnetic anisotropy 
of the Co film are corroborated by DFT calculations (Figure 6).  
Assuming a random distribution of lithium inside Co, we find 
that the average magnetic moment of Co only decreases by 
≈12% upon the insertion of 50% lithium (Figure  6a). In con-
trast, the magnetocrystalline anisotropy energy changes dras-
tically, favoring perpendicular magnetization at low lithium 
concentration and in-plane magnetization above 40% lithium 
(Figure 6b). To estimate the number of migrating lithium ions in 
our experiments, we utilize the galvanostatic charge–discharge 

curves in Figure 2b. At +2.5 V bias voltage, the estimated number 
of lithium ions migrating toward the Co layer is ≈3.7  ×  1012, 
which gives an upper limit of 34% lithium in the Co film in 
saturation (see Supporting Information). The experiments and 
DFT calculations thus provide the same qualitative picture: 
When lithium migrates into the Co layer upon the application 
of positive voltage pulses, the magnetization reorients from per-
pendicular to in-plane while the saturation magnetization of the 
Co film is mostly preserved.

4. Conclusion

We have demonstrated reversible voltage-controlled switching 
of the magnetization direction from perpendicular to in-plane 
at room temperature in a battery-inspired lithium-based mag-
neto-ionic structure. The capacity to strongly modulate the 
magnetic anisotropy using modest voltages while preserving 
the saturation moment of a thin ferromagnetic film paves the 
way toward energy-efficient electric-field control of magnetism, 
which is relevant to a variety of applications in the fields of spin-
tronics and neuromorphic computing. Further optimization to 
the structure’s operation can be achieved by scaling down the 
device size and improving the structural and electronic proper-
ties of the solid-state electrolyte.

5. Experimental Section
Sample Fabrication: The magneto-ionic multilayer stack was grown by 

magnetron sputtering in a system with a base pressure of 3.0 × 10–8 mbar. 
The crossbars junctions were fabricated in two steps, with the layers 
deposited through metal shadow masks placed onto a 10  ×  10  mm2 
silicon substrate with 500 nm thermal oxide. First, the bottom electrode 
consisting of 2 nm Ta/5 nm Pt/20 nm LiCoO2 was grown through a mask 

Adv. Funct. Mater. 2022, 32, 2113118

Figure 5. Reversibility and dynamics of voltage-controlled magnetic switching in a Ta/Pt/LiCoO2/LiPON/Co/Pt battery structure. a,b) Reversible 
voltage-induced switching of a) the perpendicular magnetization and b) the in-plane magnetization in zero magnetic field. The data are derived from 
polar and longitudinal MOKE measurements after applying a voltage for 60 s. c) Time-resolved modulation of the longitudinal MOKE signal while 
toggling the voltage between −2.0 and +2.5V in 10 s intervals. Figure S3 (Supporting Information) shows data for more than 60 switching cycles and 
a time interval of 0.5 s.
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with 200 µm-wide stripes. Ta and Pt were DC-sputtered in 30 sccm Ar flow 
and 60 sccm Ar flow, respectively. LiCoO2 was RF-sputtered in 20 sccm 
Ar flow, which resulted in a nanocrystalline film (Figure S6, Supporting 
Information). In the second step, the mask is rotated by 90° and placed 
on top of the bottom electrode. The second half of the structure is then 
grown by first depositing a 70-nm-thick layer of LiPON in 20  sccm N2 
from a lithium phosphate (Li3PO4) target using RF sputtering. This 
step is followed by the growth of a 3 nm Co/5 nm Pt bilayer using DC 
sputtering to complete the structure. All layers were deposited at room 
temperature. Due to the high reactivity of as-grown LiPON films, the 
electrolyte layer was grown during the second half of the process to avoid 
exposure to atmosphere in between steps and to ensure good quality of 
the Co/LiPON interface. XPS measurements do not indicate significant 
oxidation of the Co film (Figure S7, Supporting Information).

Sample Characterization: The magnetic properties of the crossbar 
junctions were characterized using an Evico MOKE microscope 
equipped with two separate electromagnets to apply magnetic fields 
both perpendicular and parallel to the sample plane. For the application 
of voltages, the crossbars were electrically bonded using a 5330 F&S 
Bondtec wire-bonder. A Keithley 2450 source meter was added to the 
setup to simultaneously apply voltages during magnetic characterization 
and to perform electrical/electrochemical measurements, including 
cyclic voltammetry, chronoamperometry, and galvanostatic charge and 
discharge measurements. Electrochemical impedance spectroscopy data 
were collected using an E4980A Agilent Precision LCR meter.

DFT Calculations: First-principles calculations are a powerful tool 
to assess the effects of atom migration on the magnetic moment 
and anisotropy of thin ferromagnetic films.[55] DFT calculations were 
performed using the projector augmented-wave (PAW) method with 
a Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional 
implemented in VASP.[56–61] The calculation geometry was constructed 
by relaxing bulk Co and Pt cells and bringing their (111) surfaces into 
contact. The authors considered four atomic layers of Co and 8 atomic 
layers of Pt. The in-plane lattice constant of Pt was set to 3.967 Å, a value 
obtained from bulk relaxation, while the Co atoms could relax. As a first 
step, the lithium-free geometry was relaxed using a 24 × 24 × 2 k-point 
grid without spin-orbit coupling (SOC) and with an energy cutoff of 
500  eV. The geometry was considered converged when the maximum 

force on the atoms was less than 0.005 eV  Å–1. Structural relaxation 
resulted in a slightly tilted unit cell along the perpendicular direction 
and a significant enlargement of the in-plane lattice constants of Co. 
The authors repeated this process for geometries with different lithium 
concentrations, with the lithium atoms being randomly distributed in 
the Co film. Two sets of self-consistent noncollinear calculations (SOC 
switched on) were carried out using a 12  ×  12  ×  1  k-point grid; one 
with the magnetization aligned perpendicular to the Co film and one 
with in-plane magnetization. The magnetic anisotropy energy per unit 
area was calculated as the total energy difference between these two 
magnetization configurations.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 6. a) Calculated average magnetic moment per Co atom and b) magnetocrystalline anisotropy energy as a function of the lithium concentration 
in the Co film of a Co(111)/Pt(111) bilayer. The schematics in (a) illustrate the unit cells used in DFT calculations of a lithium-free Co layer (bottom left) 
and Co layer with 50% lithium (top right). In (b), negative (positive) values indicate that the magnetocrystalline anistropy energy favors perpendicular 
(in-plane) magnetization.
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