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1. Introduction
Electric field control of magnetic prop-
erties in ferromagnetic (FM) thin films 
is a sought-after feature for spintronics 
devices, as it offers great potential for high 
energy efficiency in memory applications. 
In particular, the electric field-induced 
charge accumulation at FM interfaces has 
been shown to induce significant changes 
in perpendicular magnetic anisotropy 
(PMA), domain wall (DW) motion,[1–3] and 
in the Dzyaloshinskii–Moriya interaction 
(DMI).[4, 5] However, the changes induced 
by conventional charge accumulation are 
limited by electrostatic screening[6] and are 
also volatile, meaning that these changes 
revert to their initial state when the elec-
tric field is turned off. In this regard, mag-
neto-ionics,[7] where the electric field can 
modify the oxidation state of FM mate-
rials, can not only offer large variations in 

The magneto-ionic modulation of the Dzyaloshinskii–Moriya interaction 
(DMI) and the perpendicular magnetic anisotropy (PMA), in W/CoFeB/HfO2 
stacks annealed at different temperatures and for varying annealing times, 
are presented in this work. A large modulation of PMA and DMI is observed 
in the systems annealed at 390 and 350 °C, whereas no response to voltage is 
observed in the as-grown samples. A strong DMI is only observed in the sam-
ples annealed at 390 °C for 1 h, while PMA is present for all annealing times 
at temperatures of 390 and 350 °C. Magnetic properties including domain 
wall velocity improve drastically with increasing the annealing temperature 
and time, while the magneto-ionic reversibility is increasingly compromised. 
The changes in PMA and DMI induced by the gate voltages in the samples 
annealed at 390 °C are permanent, while partial reversibility is only observed 
for the samples annealed at 350 °C for short times. This dependence of revers-
ibility on post-grown annealing has been associated to the influence of crystal-
lization on ion mobility. These results show that a compromise between the 
enhancement of the magnetic properties and the magneto-ionic performance 
could be needed in systems requiring annealing to develop PMA and DMI.
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magnetic properties but also provide non-volatility. Magneto-
ionic effects and functionalities that have been demonstrated 
include an electric field-induced spin reorientation transition 
(SRT) between PMA and in-plane anisotropy,[8] efficient domain 
wall traps,[9] control of saturation magnetization,[10] DMI[11] and 
the control of the spin accumulation direction for spin-orbit tor-
ques.[12] Recently, several works have focused on exploring the 
use of different types of ions[8,10,13] and FM/oxide interfaces[14], 
as well as on modulating the degree of oxidation at FM/oxide 
interfaces[15,16] to control magnetic properties and gain insight 
into the magneto-ionic mechanism.

The impact of post-growth annealing, which is vital to 
achieving robust magnetic properties in CoFeB-based materials 
through crystallization,[17] on magneto-ionics has only begun to 
spark an interest. In Ta/CoFeB/HfO2, post-growth annealing 
has shown to critically reduce the speed of the magneto-ionic 
response,[15] which has been attributed to a potentially lower 
ion mobility in crystallized systems compared to their amor-
phous counterpart. It is therefore of importance to charac-
terize magneto-ionics in annealed CoFeB systems to optimize 
both the magnetic properties of the films and their magneto-
ionic performance. W/CoFeB-based systems are known to 
exhibit DMI and PMA, as well as a large spin Hall angle in 
the β-phase of W,[18–20] which makes them very attractive for 
spintronics applications. In these systems, post-growth annealing 
is systematically used to enhance DMI, and PMA,[18] which in  
W/CoFeB/MgO is associated with the crystallization of CoFeB.[21] 
In addition, oxygen incorporation into W/CoFeB/MgO has been 
used to enhance spin-orbit torques.[22] Therefore, the characteri-
zation of the magneto-ionic response using oxygen species in 
annealed W/CoFeB/HfO2 stacks is of significant interest.

In this study, we investigate the magneto-ionic response in 
as-grown and annealed W/CoFeB/HfO2 stacks. We show a large 
magneto-ionic modulation of DMI and PMA in W/CoFeB/HfO2  
annealed at 390  °C, where the gate-voltage-induced oxida-
tion of Fe and Co has been confirmed by X-ray photoelectron 
spectroscopy (XPS). The oxygen 1s XPS signal after voltage 
exposure reveals the presence of an additional peak at higher 
binding energies that can be attributed to the oxygen species 
introduced in the system through gating. This system shows 
no reversibility within the gate voltage window explored, which 
is likely a result of a lower ion mobility in the CoFeB layer after 
the crystallization induced by high temperature annealing. The 
samples annealed at 350 °C, on the other hand, show a partially 
reversible SRT induced by the gate voltage, however, the DMI 
is greatly reduced and the domain wall velocity is significantly 
lower than in the sample annealed at 390 °C. Finally, the gate 
voltage did not induce any observable changes in magnetic 

anisotropy in the as-grown samples, which present neither 
PMA nor DMI.

Our results show that a compromise between the annealing 
temperature and the magneto-ionic performance could be 
needed to allow for a balance between the enhancement of 
magnetic properties and a good magneto-ionic performance.

2. Results and Discussion

The magnetic stack used in this study is W (4 nm)/Co20Fe60B20 
(1  nm)/HfO2 (3  nm) grown by magnetron sputtering (see the 
Experimental Section). The samples were annealed at 350 and 
390 °C using either a temperature program with a 140 min ramp-
up time and zero dwelling time at the target temperature, or a 
short ramp-up time (17 or 22 min) and a 60 min dwelling time at 
the target temperature. The annealing conditions corresponding 
to each of the different samples studied (S1, S2, S3, and S4) are-
summarized in Table 1. W is in the polycrystalline β-phase (β-W), 
and CoFeB and HfO2 are amorphous in the as-grown state. The 
phases of W and HfO2 after annealing remained unchanged in 
all cases, which was confirmed by grazing incident X-ray dif-
fraction (see Section S1, Supporting Information). The peaks of 
CoFeB were not observed due to the detection limit of the diffrac-
tometer. All annealed samples in our study show PMA. A sche-
matic of the device is shown in Figure 1a.

As-grown samples have an in-plane easy magnetization 
axis. PMA in CoFeB/oxide based heterostructures can arise 
due to the 2p-3d hybridization between orbitals from oxygen 
and the ferromagnet. This contribution to PMA is dominant, 
for example, in the archetypal Ta/CoFeB/MgO stacks and in 
Pt/Co/AlOx systems[23] and can be exploited to induce PMA 
though magneto-ionic control of the oxidation level at the  
FM/oxide interface.[11,15] In the present case, neither positive (+4 V) 
nor negative gate voltages (−2.3, −2.5, and −3  V) produced an 

Table 1.  Annealing parameters of samples S1 to S4.

Sample Ramp-up duration 
[min]

Annealing temperature  
[°C]

Dwell time 
[min]

S1 17 350 60

S2 22 390 60

S3 140 350 0

S4 140 390 0

Figure 1.  a) Schematic of the structure of the ionic-liquid gate device 
and pMOKE signal under an out-of-plane magnetic field (μ0Hz) of the  
b) as-grown, and c) annealed S2 sample under different gate voltages 
and gating times.
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out-of-plane (OOP) signature in pMOKE for the as-grown sam-
ples, as shown in Figure  1b. In contrast, in other liquid-gated 
systems based on Pt/Co/HfO2 and Ta/CoFeB/HfO2, the under-
oxidized as-grown state shows PMA after application of similar 
negative voltages, due to the controlled oxidation of the FM/
oxide interface.[11,15] It has been shown that a significant contri-
bution to PMA can also arise from the heavy-metal (HM)/FM 
interface which depends on factors such as the 5d–3d hybridi-
zation of the heavy metal and ferromagnet's orbitals, interface 
intermixing and interface structure.[18,21,24] The contribution of 
the HM/FM interface to PMA has been found to be particularly 
important in W/CoFeB/MgO systems, including a significant 
dependence of PMA on the W crystalline phase.[18] In these 
systems there is also a need of thermal annealing at minimum 
temperatures close to 250  °C to obtain PMA.[18,24] The impor-
tance of the W/CoFeB interface contribution to PMA, and its 
link to thermal annealing, is the base of our interpretation 
of the lack of magneto-ionic response in as-grown W/CoFeB/
HfO2. A gate-controlled oxidation at the CoFeB/HfO2 interface 
alone does not induce PMA in our system, thermal annealing 
is still a necessary step. In the following, we will discuss the 
magneto-ionic response in samples annealed under different 
conditions (S1 to S4), where PMA is present in the initial state, 
before the application of gate voltages.

A gate voltage of −3  V applied to S2 (annealing at 390  °C 
for 1 h) can progressively drive the magnetization from 
OOP to in-plane (IP) after a total exposure time of 360  s, as 
shown in Figure  1c. The evolution of the surface DMI (Ds) 
as a function of the gating time was extracted from Brillouin 
light scattering (BLS) spectroscopy measurements (see Sec-
tion  S4, Supporting Information) and is shown in Figure  2. 
It is represented as Ds  = D · t, where D and t are the effec-
tive DMI constant and the thickness of the CoFeB layer, 
respectively. The corresponding variations in Ms · t are 
shown in the inset, where Ms is the saturation magnetiza-
tion. The positive sign of Ds in our system indicates a right-
handed chirality, as reported in other W/CoFeB systems.[18,25]  
Ds shows a sharp decrease from the 0.62    pJ m−1 measured 
before exposure to the gate voltage down to 0.06 pJ m−1 after a 

gating time of 135 s. After this point, no significant variations 
are observed for longer gating times. This gate-voltage-induced 
decrease in Ds corresponds to a variation by a factor of ten 
that accompanies the SRT shown in Figure  1c. Ms · t shows 
a similar profile, where the loss of magnetic moment could 
be attributed to the oxidation of Fe and Co, due to the migra-
tion of oxygen species. Ion migration is also at the origin of the 
decrease in DMI, since it could result in a decoupling between 
the W and CoFeB layers as already proposed for Pt/Co/HfO2/
IL devices.[11]

In order to probe the changes in the chemical environment 
of the CoFeB/HfO2 interface, XPS measurements were per-
formed before and after annealing and after exposure to gate 
voltages (see the Experimental Section). Figure  3 shows the 
XPS spectra of Fe 2p3/2 and 2p1/2, Co 2p3/2 and 2p1/2, and O 
1s of as-grown, S2 and S2 exposed to −3 V for 30 and 480 s at 
the CoFeB/HfO2 interface. As shown in Figure  3a,b, the Fe 
2p and Co 2p peaks show no significant differences between 
the as-grown and S2 samples, confirming the metallic nature 
of Fe and Co before and after annealing, and therefore indi-
cating that PMA in S2 does not originate from the oxidation of 
the CoFeB/HfO2 interface, as discussed earlier. A similar sce-
nario is observed for O 1s, where minor changes are detected 
before and after annealing. This is well in line with the absence 
of PMA in the as-grown samples for the entire negative gate 
voltage range, as shown in Figure 1b, which supports a scenario 
where the properties of the HM/FM interface are the key to 
inducing PMA in our system.

The 2p peaks of Fe and Co shift toward higher binding 
energies in S2 samples exposed to −3 V, indicating the transi-
tion of Fe and Co to higher valence states.[11,26] In the case of 
Fe, the presence of Fe oxides such as Fe2O3 and Fe3O4 is well 
indicated by the XPS lines at binding energies in the vicinity 
of 710 and 724 eV,[27] as shown in Figure  3a. Co also shows a 
strong signature of oxidation with XPS peaks appearing at 782 
and 790 eV.[28] The XPS O 1s profile shown in Figure 3c for the 
as-grown sample and S2 contains a prominent broad peak near 
530 eV and a less pronounced peak near 532 eV. The peak near 
530 eV is compatible with the signature of oxygen in HfO2, and 
both Fe and Co oxides.[27–29] The peak at higher binding ener-
gies becomes dominant after the application of the gate voltage, 
and can therefore be related to the mobile oxygen species that 
migrate under the action of the gate voltage. A possible sce-
nario is that this signal corresponds to Fe and Co hydroxide 
species formed by combination with water molecules from the 
atmosphere, which have been reported to show XPS peaks near 
531–532 eV.[27,28] This signal can also contain a contribution of 
non-dissociated H2O molecules.[30]

Positive voltages up to +4 V do not produce any significant 
changes in the magnetic state achieved after the application 
of −3  V in S2. Samples S1 (annealing at 350  °C for 1 h) and 
S4 (annealing at 390  °C with zero dwell time) show a similar 
magneto-ionic response as S2, negative voltages irreversibly 
drive the magnetization from OOP to IP (see Sections S2 and 
S3, Supporting Information). Only sample S3 (annealing at 
350 °C with zero dwell time) showed limited reversibility under 
positive voltages, as shown in Figure 4. This progressive sup-
pression of reversibility is attributed to an increase of thermally 
induced crystallization in W/CoFeB/HfO2 at higher annealing 

Figure 2.  Surface DMI constant (Ds) as a function of the gating time 
under a gate voltage GV = −3 V in sample S2. The inset shows the corre-
sponding changes in Ms · t, where Ms is the saturation magnetization and 
t the thickness of the film, respectively. The error bars represent the noise 
amplitude of the measurement. The dotted lines are a guide to the eye.
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temperatures and longer annealing times, in analogy to what 
has been reported for W/CoFeB/MgO systems in the annealing 
temperature window between 300 and 400  °C.[31] In addition, 
the gate voltage required to reorient the magnetization easy axis 
from OOP to IP in S3 is −2.3 V, a lower value compared to the 
−3  V necessary to observe an SRT in S2, for the same gating 
time. This also supports the hypothesis of a more favorable 
ionic diffusion in samples that are closer to an amorphous 
state, where ionic conduction channels are not limited to the 
grain boundaries, as could be expected in granular systems.[32]

Although lower annealing temperatures could be explored 
to achieve full reversibility, the DMI in sample S3, has already 
been found to be significantly lower than that of S2. The fre-
quency shift measured by BLS is negligible in this sample 
compared to the shift of about 1 GHz measured at k = 20 µm−1 
in S2 (see Section S4, Supporting Information). This presents 
the need of a compromise between the magneto-ionic perfor-
mance and the enhancement of the magnetic properties of 
the film. DMI is a key aspect in this compromise since it is 
of critical importance for the design of materials hosting chiral 
magnetic structures such as skyrmions and chiral Néel domain 
walls. These chiral structures offer perspectives for applications 
in memory devices based on their current-induced motion in 
nano-devices. Controlling DMI can therefore be used to engi-
neer the optimal DW structure (Bloch to Néel transition) for 
spin-torque driven domain wall motion,[33] which is of high 
technological relevance.

Chiral Néel domain walls also allow for high magnetic-
field-driven domain wall velocities in the flow regime that 
can scale with the ratio D/Ms.[34,35] In the present case, a max-
imum velocity plateau is observed and its maximum velocity 
value increases with the temperature and the annealing time 
as shown in Figure 5a. However, a direct correlation between 
this maximum velocity plateau with the values of D/Ms is not 
straightforward. It has been shown that the velocity plateau 
that has a relation with D/Ms has a high-field limit close to the 
DMI field μ0HDMI.[35,36] The μ0HDMI values have been measured 
in samples S1 to S4 by asymmetric bubble domain expansion 
under an in-plane magnetic field (μ0Hx, see Section S5, Sup-
porting Information) and are shown in Figure 5b–e. The velocity 
of right and left propagating DWs are shown as red circles and 
black squares, respectively. The values of μ0HDMI correspond to 
the field at which the minimum velocity is observed, and are 

Figure 4.  pMOKE hysteresis loops measured in sample S3 (350 °C, zero 
dwell time) showing an SRT induced by the exposure to a gate voltage of 
−2.3 V for a) 360 s, and b) partial reversibility of the IP magnetized state 
after exposure to +4 V for 1200 s.

Figure 3.  XPS spectra of a) Fe 2p3/2 and 2p1/2, b) Co 2p3/2 and 2p1/2, and 
c) O 1s for as-grown samples, S2, and S2 exposed to −3V for 30 and 480 s. 
Raw data (black), total fitting (red), background (blue), and fitting of each 
peak: light green and yellow for O 1s peaks; dark green for Co and Fe 2p, 
and purple (dashed and solid) for oxides of Fe and Co 2p.
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12 ± 0.5  , 26 ± 1.3  , 53 ± 2.6  , and 87 ± 4.3 mT for S3, S1, S4, 
and S2, respectively. When these values are confronted with the 
velocity plots in Figure 5a, it is observed that for all the samples 
studied, the maximum velocity plateau starts at magnetic fields 
higher than μ0HDMI. Therefore, an analysis within the model 
described in refs. [35,36] can not be performed. Although the 
increase in the maximum velocity plateau could still be quali-
tatively associated with the increase in the value of D, it should 
be considered in the context of a simultaneous increase in the 
crystallinity of the films. The changes in crystallinity and inter-
face disorder can also play an important role in DW dynamics 
in CoFeB films that can not be accounted for by only consid-
ering the changes in magnetization, DMI, and perpendicular 
anisotropy.[37,38] The interplay between the changes in DMI and 
crystallinity add a significant degree of complexity to the inter-
pretation of the DW dynamics in this system, which calls for a 
dedicated study.

3. Conclusion

In conclusion, we have demonstrated a non-volatile SRT from 
OOP to IP magnetization and a manipulation of DMI done by 
means of voltage-controlled ion migration in annealed β-W/
CoFeB/HfO2 samples. The disparity in reversibility for dif-
ferent annealing profiles and temperatures has been linked 
to a difference in the degree of crystallization in W/CoFeB 
that can greatly affect the density of ionic conduction chan-
nels and therefore, the mobility of ions. In addition, we also 
showed the influence of different annealing conditions on 
domain wall velocity. These results provide an insight into the 
magneto-ionic response of systems that require annealing to 
enhance their magnetic properties such as PMA and DMI and 
point at the need of a compromise between the enhancement 
of magnetic properties and the magneto-ionic reversibility. The 
large and permanent magneto-ionic effects seen in samples 

annealed at 390 °C, exhibiting strong PMA and DMI, can be of 
interest even in the absence of reversibility. Magneto-ionics can 
provide in this case a simple post-growth means to fine tune 
magnetic properties in a local and non-volatile fashion. This 
could be employed, for example, to facilitate the nucleation of 
skyrmions[39] or to modulate the spin-orbit torque efficiency in  
β-W/CoFeB-based spintronics devices.

4. Experimental Section
Sample Preparation and Electric Field Gating: The magnetic stack 

used in this study was grown using a Singulus Rotaris magnetron 
sputtering system. Metals (W (99.95% pure), Co20Fe60B20 (99.9% pure)) 
were DC-sputtered and HfO2 (99.9%) was RF-sputtered. Before 
the deposition of the film, a base pressure of 4 × 10−8 mbar was 
achieved. The deposition rate and the magnetron output power for W,  
Co20Fe60B20, and HfO2, were 0.017 nm s−1 and 100 W, 0.114 nm s−1 and 
400  W, 0.129  nm s−1 and 950  W, respectively and the sputtering gas 
used was Ar. The films used in this study had a single layer uniformity 
of 2.48%. The samples after deposition were annealed under different 
conditions of temperature and time (see Table 1) in a vacuum chamber 
at 10−5 mbar.

E-fields were applied in devices with ionic-liquid gates. Gating 
was implemented by adding approximately 10  µL of ionic-liquid (IL) 
[EMI]+[TFSI]− (1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)
imide) to the surface of the magnetic films. The dimensions of the films 
used for each device are 10 mm × 5 mm, the electric field was applied 
in the center covering an area of 5 mm × 5 mm. A glass substrate 
coated with a 100  nm thick indium tin oxide (ITO) layer was used as 
the top electrode to apply the gate voltages, while the magnetic film 
was connected to ground. ITO was connected to the voltage source 
by means of a silver wire glued to the ITO-coated glass plate with an 
electrically conductive epoxy adhesive. Experiments were performed at 
room temperature on samples cut from the same wafer and all magnetic 
states presented here are non-volatile.

Magneto-Optical Measurements: The hysteresis loops and domain wall 
dynamics measurements were obtained by polar magneto-optical Kerr 
effect using a Zeiss Axio Imager A2m microscope. The MOKE hysteresis 
loops were normalized to ±1 at saturation.

Figure 5.  a) Magnetic DW velocity measured under an out-of-plane magnetic field (μ0Hz) for samples annealed at 350 and 390 °C for 1 h (S1, S2, 
respectively) and zero dwell time (S3, S4, respectively). The error bars correspond to the standard error over ten measurements on different domains. 
b–e) Magnetic DW velocity measured under in-plane magnetic fields (μ0Hx). Right propagating DWs are shown in red circles and left propagating DWs 
are shown as black squares. The values of μ0HDMI are indicated for all samples. Lines correspond to second order polynomial fittings.
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Magnetometry Measurements: Magnetic moment was measured by 
vibrating sample magnetometry using a customized DMS system.

Brillouin Light Scattering: The interfacial DMI was characterized using 
BLS. BLS was measured in the Damon–Eshbach geometry and DMI was 
extracted by analyzing the frequency asymmetry ΔF between the Stokes 
and anti-Stokes inelastic scattering peaks as a function of the spin-wave 
wave vector k under an in-plane saturating magnetic field of 1 T for S2 in 
the initial state and 0.9 T for all the other samples (see the Section S4, 
Supporting Information). The relation between ΔF and k is as follows:

2 ,
s

γ
π∆ =F

M
Dk 	 (1)

where γ and Ms are the gyromagnetic ratio and the saturation 
magnetization, respectively.

X-Ray Photoelectron Spectroscopy: XPS was performed using a PHI 
ESCA 5600 (PHI Electronics) apparatus equipped with a monochromatic 
Al Ka X-ray source (1486.6 eV) and a hemispherical analyzer, with pass 
energy equal to 57.80 eV and energy resolution 0.125 eV. The XPS peak 
fitting shown in Figure  3 was conducted using pseudo Voigt functions 
and a Shirley + linear background.

Domain Wall Motion and Asymmetric Bubble Expansion: The domain 
wall (DW) motion under perpendicular and in-plane magnetic field was 
measured in continuous films using pMOKE microscopy. To measure 
the domain wall velocity under perpendicular fields (μ0Hz, Figure  5a), 
the films were first saturated in the out-of-plane direction, and then 
using a 200 µm-diameter coil placed on the surface of the film, bubble 
domains were nucleated with magnetic field pulses applied in the 
opposite direction with respect to the saturation direction. The DW 
velocities were calculated as the expansion of the initial bubble domain 
over the pulse width of the applied magnetic field.

The DW velocity as a function of the in-plane magnetic field μ0Hx (see 
Section S5, Supporting Information) was used to determine the effective 
DMI field (μ0HDMI) of the samples annealed under different conditions 
(Figure 5b– e). An identical method as the one described earlier was used 
to generate bubble domains. In this case, a perpendicular field pulse of fixed 
magnitude was applied simultaneously to the application of a constant 
in-plane magnetic field. The perpendicular fields μ0Hz applied were 66, 99, 
121, and 88 mT, for S3, S1, S4, and S2, respectively. The error in the values of 
μ0HDMI corresponded to the relative standard error from the fitting.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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