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Magneto-ionic control of magnetism has garnered great interest in recent years due to the large 

magnetic changes that can be induced using a relatively small voltage. One model structure for 

this is Pt/Co/GdOx/Au, where Co is the magnetic layer and GdOx is the ionic conductor, with the 

magnetic properties dependent on the oxidation state of Co. While this structure is commonly 

used, there is limited understanding on the effect of GdOx properties on voltage-induced 

magnetic changes. In this work, we show that hydration of Gd2O3 to form Gd(OH)3 is crucial for 

voltage-induced Co oxidation in a Pt/Co/GdOx/Au device. By examining the rate of Co oxidation 

in non-hydrated and hydrated devices, we conclude that H2O in the GdOx layer acts as an oxidant 

during the voltage-induced Co oxidation process. Co oxidation through this interfacial reaction 

process is confirmed by in situ x-ray absorption spectroscopy. 
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∗ For those familiar with defect notation, ைܸଶା would also be written as ைܸ·· and ܱܪைା as ܱܪை·  
. 

I. INTRODUCTION 

Electrical gating of magnetism has emerged as an important means to control spin-based 

devices. One promising route to effective gate voltage control is through voltage-induced ionic 

modulation of magnetic interfaces1–13. This method, dubbed magneto-ionics, has been used to 

achieve extremely large changes in properties such as magnetic anisotropy1,3,4,6,7, magnetic 

moment3,6,7,10,11,13, exchange bias9 and spin-orbit torque2,5 using a small gate voltage. In a 

majority of these devices, a Co/GdOx heterostructure is used1–8,12,13, where Co is the magnetic 

layer while GdOx acts as the ionic conductor. Although voltage-induced magnetic property 

changes in such structures have been widely studied, the ionic properties of GdOx and the 

detailed interfacial reactions are still not well understood.  

Oxygen ion migration through the GdOx matrix has generally been assumed to be the 

operative mechanism in voltage-induced Co redox reactions in Co/GdOx stacks, but oxygen 

transport has not been directly observed and recent work suggests that moisture can play a 

critical role4. Many oxides readily absorb water from the atmosphere, incorporated as proton 

defects situated at oxygen ion vacancies through the following defect reaction:14  

ଶܱܪ      ൅ ܱை௫ ൅ ைܸଶା ՜  ைା                                                        (1)ܪ2ܱ

Here ܱை௫ represents an oxygen ion on a normal oxygen site (denoted by the subscript ‘O’) where 

the superscript ‘x’ is used by convention14 to denote a net zero charge. ைܸଶା represents an oxygen 

vacancy with net double positive charge relative to the normally occupied lattice site, while ܱܪைା 

represents a proton defect comprising a singly positively charged proton localized around an 

oxygen ion sitting on a normal oxygen site*15. In proton conducting oxides, solid state 

dissolution of water molecules is an important process known to increase proton conductivity 
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*From this point on in the article, by writing GdOx, we imply that the gadolinium oxide layer is hydrated Gd2O3,  
Gd(OH)3, or a two-phase mixture of hydrated Gd2O3 and Gd(OH)3. 

because the proton defects ܱܪைା, serve as “hopping” sites for proton conduction through the 

Grotthuss mechanism. It is also well established that humidity can alter the resistive switching 

behavior of oxides such as TaOx
16,17, HfOx 17, SiOx

18 and SrTiOx
19,20 in memristive cells due to 

its effect on bulk oxide properties and interface reactions at the anode and cathode.  The high 

basicity of rare earth oxides makes them particularly hygroscopic21, and are known to react with 

moisture to form hydroxides22–26 such as Gd(OH)3 with consequent changes to electrical25 and 

ionic properties27.  

 Recent work has shown that in substrate/Co/GdOx /gate-electrode stacks*, a positive gate 

voltage can electrochemically split atmospheric water and pump protons through the GdOx , to 

both reduce CoO to metallic Co and to modulate the magnetic anisotropy of a metallic Co thin 

film4.  In this work, we show that water is equally important in the reverse process, namely 

oxidation of Co under negative gate bias.  We demonstrate that H2O stored in GdOx as Gd(OH)3 

acts as the oxidant that oxidizes Co to CoO under negative gate bias, and that oxygen migration 

plays an insignificant role. We further show that hydrogen-induced CoO reduction leads to water 

uptake back into the GdOx matrix, allowing for closed-system electrochemical and magnetic 

property switching without the need for atmospheric exchange.  These results provide a 

mechanistic understanding of magneto-ionic switching in metal/oxide heterostructures and 

essential insights to enable magneto-ionic device engineering. 

II. PROBING WATER UPTAKE THROUGH FILM EXPANSION AND 

CHEMICAL SPECTROSCOPY  

Figure 1(a) shows the effect of hydrating a GdOx thin film deposited on a SiO2/Si substrate. 

The hydration treatment involves placing the sample at 90ºC under wet nitrogen gas at ambient 

pressure with PH2O = 525 Torr, for up to 168 hours. X-ray reflectivity (XRR) spectra were
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obtained periodically during the hydration process to follow the evolution of the film thickness 

and density. During hydration, Gd2O3 is expected to react with H2O to form Gd(OH)3 according 

to the reaction:24  

ଶܱଷ݀ܩ ൅ ଶܱ ՜ܪ3   ሻଷ    (2)ܪሺܱ݀ܩ2

The XRR spectra were fitted by modeling the film as a bilayer of Gd2O3 and Gd(OH)3, with 

variable thicknesses, roughnesses (structural and/or chemical), and mass densities (converted to 

x-ray scattering length densities (SLDs) in the fitting routine as described in Supplemental 

Material II)28.  Figure 1(b) shows SLD profiles corresponding to fits of the XRR spectra (Fig. 

S2), where two distinct layers are clearly resolved. With increasing hydration time, we observe a 

gradual progression of the Gd(OH)3 layer deeper into the film. The GdOx film is a bilayer of dry 

Gd2O3 at the bottom and a fully hydrated Gd(OH)3 at the top, with a diffuse interface in between. 

This diffuse interface arises from a gradient in the water content, which is accounted for by a 

roughness (gradient) in the XRR fitting routine. Since the gradient is broad and the composition 

expected to be nonuniform, this intermediate region is not amenable to being fitted using an 

additional layer in the model.  This gradient and its evolution with hydration can be seen 

between the two layers in the SLD profiles (Fig. 1(b)).  During the hydration process, the dry 

Gd2O3 first dissolves water molecules in the form of proton defects according to Eq. 1. When the 

layer is completely hydrated, it forms Gd(OH)3 according to net reaction depicted in Eq. 2. The 

transition region hence is expected to consist of a mixed phase of hydrated Gd2O3 with dissolved 

water and Gd(OH)3.   

Figure 1(c) shows the fitted thickness of the Gd(OH)3 layer as a function of hydration time 

while figure 1(d) shows the XRR spectra of the non-hydrated (0 h) and hydrated (144 h) GdOx 

films respectively. From the data, we see that a 22.8 nm as-prepared GdOx film takes 
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approximately 144 h to fully transform to Gd(OH)3. The fully transformed hydroxide shows an 

increase in thickness of 50%, expanding from 22.8 nm to 34.1 nm and a decrease in density of 

28%, from 8.3g/cm3 to 6.0g/cm3. This corresponds very well to the transformation of monoclinic 

Gd2O3 to Gd(OH)3, with bulk densities of 8.3g/cm3 and 5.6g/cm3 respectively29,30.  

In order to confirm the chemical state of the GdOx layer, we also performed x-ray 

photoelectron spectroscopy (XPS) on the surface of a 3 nm GdOx thin film which was exposed to 

ambient atmosphere for >2 weeks. Figure 1(e) shows the O1s spectrum of the thin film, where 

the data is best fitted by two peaks at 531.8eV and 529.2eV, which correspond to the O-H bond 

in Gd(OH)3 and the O-O bond in Gd2O3
31,32 respectively.  These results show that GdOx readily 

uptakes water even in ambient conditions to form a hydroxide phase. 

 

III. MAGNETIC CHARACTERIZATION 

Figure 2 shows the comparison of voltage-induced Co oxidation between a non-hydrated and 

hydrated Pt (3 nm)/Co(0.9 nm)/GdOx(10 nm)/Au(3 nm) device. Here, we probe the magnetic 

state by measuring hysteresis loops probed locally using a polar magneto-optical Kerr effect 

(MOKE) polarimeter(Fig. S1). In its metallic state, the film exhibits a perpendicular magnetic 

anisotropy, whereas in the oxidized state there is no magnetic signal, which provides a 

convenient means to probe interfacial chemical state changes4,6. 

For the non-hydrated device, the top Au electrode was deposited using an in situ shadow 

mask immediately after the deposition of the Pt/Co/GdOx layers without vacuum break, so as to 

serve as a capping layer to minimize water uptake upon exposure to ambient. Characterizations 

of the non-hydrated devices were then done immediately after fabrication (within a day) in order 
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to preserve the non-hydrated state. For the hydrated device, the Pt/Co/GdOx structure was first 

placed at 90ºC under PH2O = 525 Torr for 72 hours before the deposition of the top Au electrode. 

All gate voltages (VG) were applied to the top Au electrode while the bottom Pt was grounded 

(see Methods).  

Figure 2(a) shows a MOKE hysteresis loop of a virgin non-hydrated device while Figs. 2(b)-

(e) show MOKE hysteresis loops of the non-hydrated device after VG = -3V has been applied for 

600s in ambient, vacuum, wet N2 and dry O2 environments. The initially metallic Co in the virgin 

state is evidenced by a square out-of-plane MOKE hysteresis loop in Fig. 2(a).   Under negative 

gate bias, no oxidation-induced magnetic property changes are observed (Figs. 2(b)-(e)), even 

after 600s in dry O2 and wet N2 for the non-hydrated device, indicating that oxygen migration 

and subsequent interfacial reactions are insignificant under these conditions.  

Figures 2(f)-(j) show the results of identical experiments for a device in which the GdOx has 

been fully hydrated.  The out-of-plane MOKE hysteresis loop in the virgin state (Fig. 2(f)) shows 

that after hydration but before voltage application, Co remains metallic, indicating an absence of 

significant spontaneous oxidation during hydration (see Supplemental Material).  This is 

consistent with the fact that hydrogen is more electropositive than Co and hence H2O should not 

spontaneously oxidize Co to CoO at room temperature without an applied potential. 

Figures 2(g)-(j) show that negative bias application results in complete loss in out-of-plane 

MOKE hysteresis, resulting from Co oxidation as observed elsewhere6,7 and verified by x-ray 

absorption spectroscopy below.  The fact that the Co layer is completely oxidized even in 

vacuum, indicates that (1) the oxidant is present in the GdOx layer, and (2) O2 gas is not required 

for the oxidation process. These combined results can be explained using the schematic in figure 

2(k)-(j). When VG =-3V is applied to the top Au gate of a non-hydrated device, the Co layer 
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remains metallic due to the absence of any oxidant in the GdOx film. When VG =-3V is applied 

to the top Au electrode of a hydrated device, H2O stored in the oxide film in the form of 

Gd(OH)3 oxidizes Co to CoO (equation 3). The proton, H+, produced from the reaction is then 

driven by the electric field through the GdOx layer to the top Au electrode, where it is reduced by 

electrons, e- (flowing through the external circuit) to form hydrogen gas (equation 4). The net 

reactions, depicted in figure 2(l), are shown below: 

  

The reaction described by equation 4 is also known as the hydrogen evolution reaction (HER) 

33,34. With Co and Gd(OH)3 densities of 8.9g/cc and 6.0g/cc respectively, the oxidation of 0.9 nm 

of Co would require the decomposition of only ~ 3 nm of Gd(OH)3 (Supplemental Material IV). 

It is likely that Gd(OH)3 does not completely transform to dry Gd2O3 during the Co oxidation 

process. Rather, the Gd(OH)3 should instead transform to a semi-hydrated GdOx with dissolved 

water, leading to a gradient in the water content adjacent to the Co interface.  We note that the 

interface reaction corresponding to the case in which the GdOx adjacent to Co is not the fully 

transformed hydroxide phase but rather a hydrated oxide phase would be described by 

Anode:                       2ܱܪைା ൅ ݋ܥ ՜ ܱ݋ܥ ൅ ାܪ2 ൅ ܱை௫ ൅ ைܸଶା ൅ 2݁ି                                 (5) 

In this case, the cathode reaction will be the same as equation 3. This reaction could be 

controlling under conditions where the cell is exposed to humid environments, but not as high as 

in this study where formation of hydroxide is observed.  In both cases, the bottom Co acts as the 

Anode:                                2݀ܩሺܱܪሻଷ ൅ ݋ܥ3 ՜ ଶܱଷ݀ܩ ൅ ଶܱܪ3 ൅ ՜                                                         ݋ܥ3 ଶܱଷ݀ܩ ൅ ାܪ6 ൅ ܱ݋ܥ3 ൅ 6݁ି                                      (3)

Cathode:              6ܪା ൅ 6݁ି ՜ ଶܪ3                                 (4)
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anode while the top Au acts as the cathode. The HER33,34 at the top electrode is similar to the 

bottom-electrode reaction at positive gate bias in Ref. [12], where hydrogen insertion from 

atmospheric water splitting was used to modulate chemical and magnetic properties of the Co 

layer. Note that if oxygen were available at the cathode, the hydrogen formed at the cathode 

would react with the oxygen to form water as described previously in Ref. [12]. 

In order to further confirm the oxidation of Co by H2O in GdOx, we also fabricated 

thicker Au (15 nm) electrodes on Pt/Co/GdOx to isolate the device from its surrounding 

atmosphere. Figure 3(a) shows the hysteresis loop of a virgin device with thicker Au electrode 

while figure 3(b)-(c) shows the hysteresis loops after VG = -3V has been applied for 600s in 

ambient and in vacuum respectively. With thicker Au, we still observe complete oxidation of Co 

in roughly the same time as the thinner 3 nm Au device (fig. S3). This further confirms that the 

oxidant is stored in the GdOx layer. Note that this is different from the case of CoO reduction in a 

Pt/CoO/GdOx/Au device, as studied in Ref. [12]. For this, the rate of reduction of CoO at VG > 0 

depends crucially on the thickness of the top Au electrode because the reductant, H+ is sourced 

from H2O in ambient.   

Figures 3(d)-(e) show optical micrographs of a hydrated 

Pt(3nm)/Co(0.9nm)/GdOx(10nm) device with 15nm thick Au top electrodes, before and after 

applying VG = -3V for 600s to completely oxidize the Co layer (see also Fig. S4). Circular 

protrusions of the electrode are clearly observed which indicates that gas bubbles are being 

formed leading to delamination. In order to verify if the gas bubbles are formed at the top 

GdOx/Au interface or bottom Co/GdOx interface, we also performed a similar experiment with a 

Pt(3 nm)/Co(0.9 nm)/GdOx(10 nm) device with 3 nm thick Au after VG = -3V is applied for 600s 

(Figure 3f). In this case, no gas bubbles are observed because the electrode is porous and the 
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evolved hydrogen gas escapes to the surrounding6. This indicates that the bubbles seen in the 

thicker Au electrode case are formed at the GdOx/Au interface, and this gas is necessarily H2, 

since the Au acts as the cathode at VG = -3V. Because the features seen in figure 3(d) are 

permanent mechanical deformations, they remain upon applying a gate voltage of the opposite 

polarity. Note that gas bubble formation is also observed when VG = -3V is applied for 600s to 

Pt/Co/GdOx/Au devices in vacuum. This hydrogen evolution reaction was confirmed in our 

previous work12 where Pd and Mg layers were inserted in a substrate/Mg/Pd/GdOx/Au stack 

structure and the formation of PdHx and MgHx was confirmed by XAS after applying a gate bias. 

In those experiments, a positive bias (VG > 0) was applied to the top Au electrode to insert 

hydrogen in the bottom Pd and Mg layers. 

Interestingly, some of the hydrogen which is produced at the top Au electrode under VG < 0 

can be stored in the cell. In order to demonstrate this, we compared the magneto-ionic response 

of two Pt/Co(CoO)/GdOx/Au devices with a hydrated GdOx layer, where the Co layer has been 

oxidized. In the first device, the Co layer is metallic in its as-deposited state, and is then oxidized 

completely by first applying VG = -3V for 300s to the top 3nm Au (figure 4a). In the second 

device, the Co layer is deposited in its oxidized state by reactive sputtering with oxygen gas 

(figure 4d). A positive bias (VG = +3V or +2V) bias is then applied to both devices in vacuum 

and in ambient in order to reduce the CoO layer to metallic Co. This process has previously been 

shown to occur through injection of protons to the CoO layer, where they react with CoO to 

reduce it to a metallic state4.  Figure 4(b) and (c) show the results for the first device in vacuum 

and ambient respectively, while figure 4(e) and (f) show the corresponding results for the second 

device. For the first device, we can clearly see that some of the CoO is reduced in vacuum. This 

implies that some hydrogen is stored in the device after the initial VG = -3V is applied which 
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allows for closed-system electrochemical and magnetic property switching without the need for 

atmospheric exchange. The reduction of CoO to metallic Co by the stored hydrogen occurs 

through the reverse reactions described in Eqs. 3 and 4. In this case, at VG > 0V, the stored 

hydrogen donates its electrons driving the reduction of CoO to metallic Co.  

On the other hand, for the second device where the Co layer is oxidized during deposition, 

we do not observe any CoO reduction at VG = +3V in vacuum (figure 4e). The CoO layer is only 

reduced when the positive gate bias is applied in ambient, where humidity is present so that a 

water-splitting reaction can occur to provide a source of protons (figure 4f).  In both devices, a 

positive bias in ambient initially results in Co with perpendicular magnetic anisotropy. The Co 

magnetization then rotates in-plane as more hydrogen is accumulated near the Co layer4. The 

hydrogen can either accumulate at the Co/GdOx interface or diffuse through the Co layer to 

modify the Co/Pt interface. Previous studies have shown modulation of magnetic anisotropy in 

both cases35,36. Note that the observed anisotropy modulation is not due to delamination as it is 

completely reversible and the timescale for modulation is a few orders of magnitude shorter than 

the delamination process that occurs during bubble formation4.  

IV. CHEMICAL CHARACTERIZATION 

To further verify the oxidation of Co through a direct chemical probe, we also performed in 

situ x-ray absorption spectroscopy (XAS) on a hydrated Pd(10 nm)/CoO(0.9 nm)/GdOx(30 

nm)/Au(3 nm) device while applying gate biases under different atmospheric conditions. In this 

case, the hydration treatment at 90ºC and 525 Torr is performed for only 24 hours in order to 

retain a non-hydrated state at the CoO/GdOx interface. The first column of figure 5 show the 

XAS spectra around the Co L2, L3 edge37,38 while the second column shows schematically the 

chemical state of the Co and the GdOx layers. In its virgin state, the Co layer is initially oxidized 
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(figure 5a), as seen from the Co L3 peak at ~780eV and L2 peak at ~795eV13,37. When VG = +3V 

is applied to the top Au in vacuum, the CoO layer remains oxidized (figure 5b); as a result, no 

changes in the L3 and L2
 peaks are observed. When VG = +3V is instead applied in 10Torr of 

PH2O, the CoO layer is reduced to metallic Co by H˙ sourced from H2O (figure 5c) 4. This is seen 

as a shift in the Co L3 peak from ~780eV to ~778eV, and a reduction in intensity of the Co L2 

peak relative to L3 peak13,37.  The H2O that is produced from this reaction is reincorporated back 

into GdOx in the form of Gd(OH)3. To confirm this, we next applied VG = -3V to the metallic Co 

device in vacuum. The data show partial reoxidation of the metallic Co back to CoO, as 

evidenced by a broad peak at ~779eV. This peak comprises two Co L3 peaks at ~780eV and 

~778eV, which indicates a mixture of CoO and Co. Similarly, if VG = -3V is applied to the 

metallic Co in 10 Torr of PH2O instead of vacuum, partial reoxidation of the Co is also observed.  

 

V. CONCLUSION 

In conclusion, we have shown that a thin GdOx film expands by 50% in thickness upon 

hydration at relatively high humidity levels, consistent with the formation of a less dense 

Gd(OH)3 film. This formation of Gd(OH)3 is crucial for observation of voltage induced Co 

oxidation in a Pt/Co/GdOx/Au device. In particular, under a negative bias, it is the H2O derived 

from the decomposition of  Gd(OH)3 that oxidizes Co to CoO, rather than oxygen migration 

through the GdOx as has widely been assumed6,7,9. This reaction produces H+, which is then 

driven by electric field towards the top Au to form hydrogen gas. We also demonstrated a 

closed-system electrochemical and magnetic property switching using the hydrogen and water 

storage property of GdOx. 
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METHODS 

Sample preparation.  Ta(4 nm)/Pt(3 nm)/Co(0.9 nm)/GdOx(tGdOx nm) films were fabricated on 

thermally oxidized Si (100) substrates using magnetron sputtering at room temperature and 

3mTorr Ar pressure. The metal layers were grown by DC sputtering.  All GdOx layers were 

deposited using DC reactive sputtering with PO2 of 0.07mTorr except for the XAS samples, 

where the deposition was done using RF sputtering with PO2 of 0.7mTorr O2. For the samples 

described in Fig. 4 with Co in the initially-oxidized state, the Co layer was reactively sputtered 

with PO2 of 0.07mTorr O2 with a deposition time corresponding to the time required to deposit 

0.9 nm of metallic Co. For MOKE measurements, 200 μm diameter Au(3 nm) electrodes were 

patterned on top of the Ta/Pt/Co/GdOx continuous film, with the Ta    (4 nm)/Pt(3 nm) 

underlayer uncovered by GdOx at the sample edge to allow electrical contact to the back. For in 

situ XAS measurements, the Ta/Pt/Co/GdOx/Au structure was patterned into a cross-bar 

geometry with 1mm arm width. 

X-ray reflectivity (XRR) measurements. XRR was carried out using a Bruker D8 Discover 

HRXRD instrument with Cu K-α radiation at wavelength of 1.54Å. 

X-ray Photoelectron Spectroscopy (XPS) measurements. XPS was carried out using a Physical 

Electronics Versaprobe II X-ray Photoelectron Spectrometer at a base pressure of 5x10-9 Torr. 

Polar magneto-optical Kerr effect (MOKE) measurements. MOKE measurements were 

performed using a 1 mW laser with a wavelength of 660 nm focused to spot size of ~10µm. 

Experiments were performed in polar geometry and hence sensitive to the out-of-plane 

magnetization component.  To apply gate voltage VG to the circular electrodes, a CuBe probe 
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was landed near the edge of the electrode and the Ta/Pt back electrode was grounded. The laser 

spot was focused at the middle of the electrode. All experiments were performed at room 

temperature. For experiments where different atmospheric conditions are required, VG was 

applied ex-situ in a CPX-VF probe station. The MOKE hysteresis loop was measured before and 

after VG was applied. Experiments under controlled gas environments were performed by 

backfilling the chamber with either O2 gas (99.999% purity) or N2 gas (99.999% purity).  

Humidity was introduced into the N2 gas flow by bubbling through water. Wet N2 and ambient 

condition at 25C corresponds to ~20mT and 12mT of H2O partial pressure respectively.  

Vacuum condition corresponds to a base pressure of 10-4mbarr. All experiments were performed 

at room temperature. 

X-Ray absorption spectroscopy (XAS). In situ XAS data were taken at the In-situ and Operando 

Soft X-ray Spectroscopy (IOS, 23-ID-2) beamline at the National Synchrotron Light Source II, 

Brookhaven National Laboratory. Partial fluorescence yield (PFY) spectra were acquired using a 

Vortex EM silicon drift detector. The incident soft x-ray beam has a footprint of ~100 x 20 µm 

and is directed at 30° relative to the sample normal, while the PFY detector is positioned at 40° 

to the sample normal (Supplemental Material V). The sample used for the measurement has 

crossbar geometry with sample structure Ta (4nm)/Mg(30 nm)/Pd(10 nm)/Co(0.9 nm)/GdOx (30 

nm) and a 3 nm Au top gate. The XAS incident beam spot was located on the sample by first 

scanning the scanning stage to locate the crossbars through the total electron yield of the top Au 

electrode and chemical signature of the bottom electrode (Mg K-edge) (More details in 

Supplemental Material V). Measurement is done with the VG applied in situ. For experiments 

which require humidity, H2O vapor is introduced into the chamber through a leak valve and the 

flow rate is adjusted to maintain PH2O of 10 Torr.  At vacuum condition, the main chamber 
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pressure is ~2 x 10-7 Torr after H2O evacuation, and the sample is kept at room temperature 

throughout the measurement. 
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FIGURE CAPTIONS 

FIG 1. (a) Schematic of a non-hydrated, partially hydrated, and fully hydrated GdOx thin film on 

a SiO2/Si substrate. (b) Scattering length density (SLD) of the GdOx thin film as a function of 

hydration time. The fitted mass densities of Gd2O3 and Gd(OH)3 are 8.3g/cc and 6.0 g/cc 

respectively. (c)Fitted thickness of Gd(OH)3 as a function of hydration time. (d)  X-ray 

reflectivity (XRR) spectra of a non-hydrated (0h) and hydrated GdOx thin film (144 h of 

hydration). The solid lines are the fitted models to the measured data (hollow circles). (e) X-ray 

photoelectron spectroscopy (XPS) data of a 3 nm GdOx thin film surface which has been 

exposed to ambient for > 2 weeks.  

 

FIG 2. [(a)-(e)] MOKE hysteresis loops of non-hydrated Pt(3 nm)/Co(0.9 nm)/GdOx(10 

nm)/Au(3 nm) device in virgin state (a) and after VG = -3V was applied for 600s in ambient (b), 

vacuum (c), wet N2 (d), and dry O2 (e). [(f)-(j)] MOKE hysteresis loops of hydrated Pt(3 

nm)/Co(0.9 nm)/GdOx(10 nm)/Au(3 nm) device in virgin state (f) and after VG = -3V was 

applied for 600s in ambient (g), vacuum (h), wet N2 (i), and dry O2 (j). [(k)-(l)] Schematic of 

voltage-induced reaction in a non-hydrated(k) and hydrated (l) device.  The color gradient in the 

oxide layer in (l) represents a gradient in the incorporated water content. 

 

FIG 3. [(a)-(c)] MOKE hysteresis loops of hydrated Pt(3 nm)/Co(0.9 nm)/GdOx(10 nm)/Au(15 

nm) device in virgin state (a) and after VG = -3V was applied for 600 s in ambient (b) and 

vacuum (c). [(d)-(e)] Optical micrographs of Pt(3 nm)/Co(0.9 nm)/GdOx(10 nm)/Au (15 nm) 

devices before (d) and after (e) bias voltage application (VG = -3V for 600 s) showing generation 
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of hydrogen bubbles under the electrode. (f) Optical micrograph of Pt(3 nm)/Co(0.9 

nm)/GdOx(10 nm)/Au (3 nm) after applying VG = -3V for 600s. The scratch marks on the side of 

the Au electrodes are due to the CuBe probes.  

 

FIG 4. (a) MOKE hysteresis loop of hydrated Pt(3 nm)/Co(0.9 nm)/GdOx(10 nm)/Au(3 nm) after 

VG = -3V was first applied for 300s in ambient to completely oxidize the metallic Co layer. [(b)-

(c)] MOKE hysteresis loops after VG = +3V was applied to device in (a) under vacuum (b) and 

ambient (c) conditions in order to reduce the oxidized Co.  (d) MOKE hysteresis loop of 

hydrated Pt(3 nm)/CoO(0.9 nm)/GdOx(10 nm)/Au(3 nm) in virgin state. [(e)-(f)] MOKE 

hysteresis loops after VG = +2V was applied to device in (d) in vacuum (e) and in ambient (f).   

                     

FIG 5. [(a)-(c)] XAS spectra of Mg(30nm)/Pd(10 nm)/Co(0.9 nm)/GdOx (30 nm)/Au(3 nm) 

device in virgin state(a) and after VG = +3V was applied for 600 s in vacuum(b) and in10 Torr of 

PH2O (c) respectively. The experiments from (a) to (c) were done sequentially. [(d)-(e)] XAS 

spectra of the device in (c) after VG = -3V was applied for 600 s in vacuum and in 10 Torr of 

PH2O respectively. Two different devices in (c) were used for experiments in (d) and (e). 
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