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Abstract: Ionic-liquid/gel-based transistors have emerged as a potentially ideal means to 

accumulate high charge carrier densities at the surfaces of materials such as oxides, enabling 

control over electronic phase transitions. Substantial gaps remain in the understanding of gating 

mechanisms however, particularly with respect to charge carrier vs. oxygen defect creation, one 

contributing factor being the dearth of experimental probes beyond electronic transport. Here we 

demonstrate the use of synchrotron hard X-ray diffraction and polarized neutron reflectometry as 

in operando probes of ion-gel transistors based on ferromagnetic La0.5Sr0.5CoO3-δ. An 

asymmetric gate bias response is confirmed to derive from electrostatic hole accumulation at 

negative gate bias vs. oxygen vacancy formation at positive bias. The latter is detected via a large 

gate-induced lattice expansion (up to 1 %), complementary bulk measurements and density 

functional calculations enabling quantification of the bias-dependent oxygen vacancy density. 

Remarkably, the gate-induced oxygen vacancies proliferate through the entire thickness of 30-

40-unit-cell-thick films, quantitatively accounting for changes in the magnetization depth profile. 
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These results directly elucidate the issue of electrostatic vs. redox-based response in electrolyte-

gated oxides, also demonstrating powerful new approaches to their in operando investigation.  
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Electrolyte gating using ionic liquids and gels in electric double layer transistors (EDLTs) 

is emerging as a premier approach for the study and manipulation of carrier-density-controlled 

phenomena [1,2]. The nanoscopic EDL formed by the electrolyte cations (anions) and induced 

surface electrons (holes) results in very large capacitance (up to ∼100 μF cm-2) [3–5], inducing 

carrier densities exceeding 1014 cm-2 [4–9]. This is sufficient to control electronic and magnetic 

phase transitions [6–15], map phase behavior [12,13], and explore transport limits in 

semiconductors (e.g., [4,5,13,16–19]). The electric fields in the EDLs are so large, however (∼10 

MV cm-1), that mechanisms other than electrostatic carrier accumulation become possible. This 

is particularly important in transition metal oxides, where electrolyte gating is being extensively 

explored. Superconductivity was discovered, for instance, in electrolyte-gated KTaO3 [6], and 

controlled in SrTiO3 [10] and cuprates [11,12]. Metal-insulator transitions have been similarly 

controlled in VO2 [14,20,21] and nickelates [7,15], while ferromagnetism has been modulated in 

Ti1-xCoxO2 [8], La1-xSrxMnO3 [9], and La1-xSrxCoO3-δ [22]. It is increasingly apparent, however, 

that the gate response in oxides can be electrochemical rather than electrostatic, the electric field 

in the EDL inducing redox in the oxide, particularly via oxygen vacancy (VO) formation. 

Evidence for bias-induced VO creation has been gathered from controlled atmosphere transport 

and tracer experiments in VO2 [23], SrTiO3 [24], and TiO2 [25], although controversy remains, 

particularly in VO2 [14,26]. 

Recent work of ours on ion-gel-gated La0.5Sr0.5CoO3-δ (LSCO) films provided insight into 

this issue of electrostatics vs. electrochemistry by uncovering clear asymmetry with respect to 

gate bias (Vg) polarity [22]. While electrostatic hole accumulation was deduced at negative Vg in 

this p-type oxide, VO formation was implicated at positive Vg, from transport [22]. This was 

interpreted in terms of the known redox stability of LSCO, similar to many oxides, where VO 
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creation is thermodynamically preferred to VO annihilation. At positive Vg, VO formation is thus 

favored over hole depletion, while at negative Vg hole accumulation is favored over VO 

annihilation [22]. This could indicate that n-type oxides such as VO2, which require EDLT 

operation at Vg > 0 (at least for undoped materials), could be particularly prone to VO formation. 

Such explanations are attractive, but require further testing. In addition, recent work has placed 

further emphasis on Vg-induced ionic motion by uncovering electrochemical hydrogen 

incorporation in WO3  [27] and SrCoO2.5 [28]. There are thus several emerging control concepts 

in oxide EDLTs, further work being needed to untangle mechanisms.      

One impediment to improved understanding of electrolyte gating is the dearth of 

available probes beyond electronic transport. The latter is dominant in the field, other more direct 

probes, such as spectroscopy and scattering, being challenging to implement in EDLTs. 

Difficulties include the small volume of gated material, and the thick overlying ion gel or ionic 

liquid, which induce absorption and scattering. Few demonstrations of in operando scattering or 

spectroscopy of electrolyte-gated oxides have thus appeared, although this now appears to be 

changing. Synchrotron X-ray diffraction (SXRD) results on ionic-liquid-gated VO2 [26], La2-

xSrxCuO4 [29], SrCoO2.5 [28], WO3 [27], and NdNiO3 [30] have recently appeared, along with X-

ray absorption on YBa2Cu3O7-x [31] and NdNiO3 [30]. Noteworthy findings emerge from these 

studies, including giant Vg-induced lattice expansion in VO2 [26], deoxygenation of YBa2Cu3O7-x 

under positive Vg [31], three-phase switching of (H)SrCoO3-δ [28], and gate bias polarity 

asymmetry (similar to LSCO [22]) in NdNiO3 [30]. In operando probes have thus yielded 

substantial insight, and additional work is clearly desirable, particularly with techniques capable 

of detecting VO formation quantitatively, with spatial resolution.       
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In this work we demonstrate application of both SXRD and polarized neutron 

reflectometry (PNR) as in operando probes of epitaxial LSCO EDLTs, utilizing the penetration 

of hard X-rays and neutrons. SXRD reveals only a small (<0.1 %) decrease in the out-of-plane 

lattice parameter under negative Vg, compared to a large increase at positive Vg (up to 1 % at +2 

V). Complementary bulk powder XRD (PXRD) and thermo-gravimetric analysis (TGA) confirm 

that such lattice expansion is consistent with VO formation, reproduced by density functional 

theory (DFT). The cell volume dependence on oxygen deficiency is then used to “calibrate” in 

operando SXRD, enabling quantification of the Vg-dependent VO density, which reaches δ = 

0.16 at +2 V. Importantly, SXRD indicates that these VOs proliferate through the entire thickness 

of ∼30-unit-cell-thick films. This is confirmed by Vg-dependent PNR, the suppressed 

magnetization extending through the whole film, in quantitative agreement with the determined 

O deficiency. These results not only advance our understanding of gating mechanisms in oxide 

EDLTs, but demonstrate powerful new approaches to in operando structural and magnetic 

studies.  

Details on film growth, device fabrication, in operando measurements, and bulk 

measurements/calculations are provided in Supplemental Material Sections A-E (Figs. S1- 

S3) [32]. Briefly, epitaxial LSCO was deposited on LaAlO3(001) (LAO) using high-pressure 

oxygen sputtering [22] and then thoroughly characterized [33–36]. Bulk-like metallic 

ferromagnetism with Curie temperature, TC ≈ 220 K was obtained above 7 unit cell thicknesses. 

EDLTs employing ∼10-µm-thick “cut and stick” ion gels [3] (see Fig. 1(a)) were then fabricated 

from these films. SXRD (Fig. 1(a)) was performed on the 33-ID beamline of the Advanced 

Photon Source, with 20 keV (λ = 0.62 Å) radiation. Beam damage was reduced to negligible 

levels via procedures discussed in Supplemental Material Section B (Fig. S2) [32]. PNR was 



6 
 

performed on the Polarized Beam Reflectometer at the NIST Center for Neutron Research 

(Supplemental Material Section C [32]), using a monochromated (4.75 Å) neutron beam, at 30 

K, in a saturating 3 T in-plane magnetic field (B), and refinement was done with Refl1D [37]. 

For both SXRD and PNR, devices were operated in vacuum (< 10-5 Torr), Vg being applied at 

280-290 K for 30 min, with in situ monitoring of electrical transport. Complementary TGA in 1 

atm of flowing N2 was performed on bulk LSCO (Supplemental Material Section D [32]). 

DFT+U calculations were performed using the Vienna ab initio Simulation Package [38,39], 

using methods described in Supplemental Material Section E [32].   

Starting with in operando SXRD, Fig. 1(b) displays specular 00L scans around the 002 

LAO substrate reflection, at Vg = -3.5, -1, 0, 1 and 2 V. As shown in Supplemental Material Fig. 

S2(c) [32], no ion-gel-induced changes were observed prior to Vg application. The Vg = 0 scan is 

typical of LAO(001)/LSCO [35,40]: a well-defined LSCO peak occurs at L = 1.95, 

corresponding to out-of-plane lattice parameter cop = 3.89 Å, surrounded by Laue oscillations. As 

expected for a fully-strained film with negligible microstrain (Supplemental Material Section A, 

Fig. S1 [32]), the Scherrer length from the film peak width (tS
 = 103 ± 6 Å) and the thickness 

from the oscillation spacing (tf = 109 ± 7 Å) are in agreement with the thickness from X-ray 

reflectometry prior to gel application (t = 110 ± 5 Å, i.e., 28 unit cells). When gating is 

performed, negative Vg (e.g., -1 or -3.5 V in Fig. 1(b)) results in only small changes in the 002 

LSCO peak. For positive Vg, however, the situation is different: the LSCO reflection rapidly 

shifts to lower L, and the Laue oscillations become less prominent, indicating increased 

roughness/structural disorder. These changes are summarized in Fig. 1(c,d,e), which shows the 

Vg dependence of the c-axis lattice parameter shift (Δcop), Scherrer length shift (ΔtS), and fringe 

spacing thickness shift (Δtf). The right axes show the cell volume change (ΔV) and absolute tS 
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and tf, respectively. From Fig. 1(c), the asymmetry with respect to Vg polarity is striking. 

Negative Vg up to -3.5 V results in a cop decrease of < 0.1% (roughly linear in Vg), whereas Vg = 

+2 V induces a large (non-linear) 1% lattice expansion. As shown in Figs.1(d,e), this shift in cop 

is accompanied by barely any variation in tS and tf, the only evidence of a statistically significant 

change occurring in tS at + 2 V (see Supplemental Material Section F [32] for further discussion). 

This indicates, as can be seen from Fig. 1(b), that the LSCO film peak and Laue oscillations are 

uniformly shifted to lower L at positive Vg, with no signficiant broadening or peak splitting. This 

suggests that the positive-bias-induced lattice expansion occurs through the entire thickness of 

these 28-unit-cell films. In these measurements, which were performed in vacuum, the increase 

in cop at positive Vg is irreversible (Supplemental Material Section F, Fig. S4) [32]. 

As discussed above, earlier transport studies on LSCO revealed similarly asymmetric Vg 

response, ascribed to VO formation at positive bias, and electrostatic hole accumulation at 

negative bias [22]. VO formation is thus an obvious possibility for the positive-bias-induced 

lattice expansion in Fig. 1(c). To investigate the cell volume - VO density relationship in LSCO, 

bulk samples were systematically reduced in a TGA apparatus in flowing N2. After each 

reduction these samples were then studied by PXRD. The PXRD pattern of the initial LSCO 

(bottom of Fig. 2(a)) is consistent with expectations for Pm3m LSCO (Fig. 2(b)) [41]. As 

justified by the synthesis conditions and measured magnetic properties (Supplemental Material 

Section D [35]), we label this sample “δ = 0” in Fig. 2(a), i.e., we assume an initial state with 

negligible VO density. The progressive reduction cycles shown in Fig. 2(c), to maximum 

temperatures from 340 - 1000 °C, result in mass loss that can be directly converted to δ. The 

PXRD patterns in Fig. 2(a) are thereby labeled with a deduced δ, increasing towards the top. The 
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cubic perovskite structure is retained up to δ = 0.202, above which secondary phases form, being 

LSCO reduction products (brownmillerite, binary oxides, etc.).   

As shown in Fig. 2(d), which plots the cubic lattice parameter (a) and cell volume 

expansion (ΔV) vs. δ, the reduction of bulk LSCO is indeed accompanied by lattice expansion, 

qualitatively consistent with prior work [42–44]. ΔV increases linearly with VO concentration, at 

a rate that can be reproduced by DFT. Specifically, as detailed in Supplemental Material Section 

E (Fig. S3, Table S1)  [32] incorporation of VOs in DFT supercells at various concentrations 

results in the solid lines shown in Fig. 2(d) for Co U values (UCo) of 5 and 6 eV. A UCo between 

these values, which is reasonable for Co perovskites [45], thus quantitatively reproduces the 

experimental ΔV(δ). Taken with the earlier indirect conclusion of VO formation from transport, 

and the observation of irreversibility in vacuum that is suppressed in O2 (Supplemental Material 

Section F [32]), we take these results as strong evidence for VO formation as the source of lattice 

expansion at positive Vg in Fig. 1(c). Importantly, this ΔV(δ) relationship for bulk LSCO can then 

be used in conjunction with the ΔV(Vg) relationship for gated films to quantitatively estimate the 

change in δ induced by Vg. This essentially uses the bulk data of Fig. 2(d) as a calibration to 

quantify δ(Vg) from Fig. 1(c), assuming the cell expansion with δ to be similar in films and bulk. 

The straight line fit in Fig. 2(d) was used for this purpose, resulting in Fig. 2(e). Here, we simply 

plot Δδ, the Vg-induced change in δ with respect to zero bias, as the initial δ in these films is not 

accurately known [46]. [As outlined in Supplemental Material Section G (Fig. S5) [32], the 

Poisson ratio can also be accounted for in this analysis, assuming isotropic linear elasticity; this 

modifies the absolute values in Fig. 2(e) but not the qualitative trend]. The resulting induced δ’s 

at positive Vg are large but reasonable, reaching 0.16 at 2 V. Note here that: (a) δ < 0.5 even at 

the largest positive Vg is consistent with the absence of brownmillerite in SXRD, and (b) strong 
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arguments can be made against a H incorporation mechanism (Supplemental Material Section 

H [32]). While the interpretation of the large structural changes at Vg > 0 are thus clear, the small 

ones occurring at Vg < 0 could involve both electrochemistry and electrostatics (Supplemental 

Material Section I, Table S2 [32]).   

Clearly, a key conclusion from the above is that bias-induced VO’s appear to penetrate the 

entire film thickness. To verify this, a depth-sensitive technique, neutron reflectometry, was 

applied. Although VO formation at the densities in Fig. 2(e) results in nuclear scattering length 

density changes that are difficult to discern (Supplemental Material Section J (Tables S3, 

S4) [32]), the subsequent impact on magnetization is substantial. Magnetization depth profiling 

via PNR was thus performed, using devices scaled to 10 × 5 mm2 LSCO channels (Fig. 3(a)). 

Figure 3(b) shows the scattering vector (Q) dependence of the specular neutron reflectivity for 

42-unit-cell-thick LSCO, at 30 K in a 3 T in-plane field [47] at Vg = 0. The non-spin-flip 

reflectivities (“R++” and “R--”) are shown, where “+” and “–“ indicate the polarization of the 

incoming and outgoing beams (Fig. 3(a)). As expected, well below TC in a large in-plane field, 

R++ and R-- are clearly split. Fig. 3(c) plots the spin asymmetry, SA = ( ), which, in the 

absence of large VG-dependent chemical changes, highlights the magnetic scattering. This SA is 

positive, with two oscillations visible to the maximum Q. Most significantly, Fig. 3(d,e) shows 

that the SA responds dramatically to Vg. The SA is reduced substantially at 2 V, but with a 

similar oscillation period, while at 3 V the SA appears completely suppressed. Even prior to 

quantitative analysis, this SA reduction with Vg indicates strong suppression of the 

magnetization, the similarity of the period in Figs. 3(c,d) indicating little change in magnetic 

thickness, i.e., relatively uniform suppression.   
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Quantitative refinement was performed to substantiate these conclusions, resulting in the 

solid line fits in Fig. 3(b,c,d,e). As discussed in Supplemental Material Section J [32], these fits 

are based on a model including the LAO substrate, LSCO film, and ion gel. The refined nuclear 

scattering length densitiy for LSCO is as expected, and independent of Vg (along with the 

chemical thickness). Note here that varying δ between La0.5Sr0.5CoO3 and La0.5Sr0.5CoO2.84 (as in 

Fig. 2(e)) results in nuclear scattering length density changes of only 3 %, confirming little 

sensitivity to this effect. The depth-dependent magnetization (M(z)), however, is highly sensitive 

to VO density. The refined M(z) from Fig. 3(b-e) is plotted in Fig. 3(f). At Vg = 0 a single 

ferromagnetic LSCO layer with M = 1.68 µB/Co describes the data (Fig. 3(b,c)), with 

roughnesses of 4 Å and 8 Å at the LAO/LSCO and LSCO/ion gel interfaces, respectively. 1.68 

µB/Co is slightly lower than the bulk saturation magnetization (1.9 µB/Co), but is consistent with 

magnetometry on these films [47]. While a reasonable description of the 2 and 3 V data was also 

possible with a single ferromagnetic LSCO layer with progressively suppressed M, statistically 

significant fit improvements were obtained by introducing a second layer. This captures the weak 

dip to negative SA around 0.045 Å-1 in Fig. 3(d). The resulting M(z) in Fig. 3(f) reveals strong 

suppression of M with increasing Vg. At 2 V, M is roughly cut in half, the region closest to the 

ion gel interface having a slightly stronger reduction than the bulk of the film. At 3 V, M then 

becomes very small, a weakly magnetized bottom section of the LSCO providing the fit in Fig. 

3(e). These results not only confirm near-uniform magnetization suppression, but are also 

quantitatively consistent with the δs from SXRD. Explicitly, taking the depth-averaged M(Vg) 

from Fig. 3(f), and using bulk data for the x dependence of saturation magnetization in La1-

xSrxCoO3 [48], an effective doping level (xeff) can be extracted at each Vg. Using the fact that Sr 

hole doping is compensated by VOs according to xeff = x – 2δ (assuming doubly ionized VO 
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donors), the curves in Fig. 3(f) can then be associated with an induced δ. These values are 0.11 

and 0.18 for Vg = 2 and 3 V, which, considering the approximations, are in reasonable agreement 

with Fig. 2(e). While this analysis ignores other factors in the relationship between M and δ, 

making it only approximate, such an approach has been employed before and independently 

verified [34].    

Given that the electric field in EDLTs based on metallic perovskites should be screened 

over quite short scales (the Thomas-Fermi screening length is a few unit cells) the observation of 

gate-induced VO formation through 40-unit-cell films warrants discussion. One interpretation is 

that VO creation is first achieved by the EDL electric field at the extreme surface of LSCO. 

While the details remain to be understood, this would then generate an O chemical potential 

gradient, driving further out-migration of O from the bulk, potentially assisted by the electric 

field. Importantly, the VO diffusivity in LSCO [49] is large enough to support this interpretation, 

translating to a VO diffusion length of 35 nm at 300 K on the time scales used here, well in 

excess of the 17 nm film thickness. The enthalpy of formation of VOs is also low in LSCO (as 

utilized in recent Gd gettering studies [50]) due to the instability of Co4+ formal valence. This 

results in extraordinary redox activity at x = 1, consistent with recent demonstrations of 

thermal [51] and electrolyte-assisted [28] switching between SrCoO3-δ and brownmillerite 

SrCoO2.5. The extent to which EDLT response in a given system involves redox is thus heavily 

influenced by the enthalpy of formation of VOs, their diffusivity, and the Vg polarity.    

In summary, we report the use of SXRD and PNR as in operando probes of gating 

mechanisms in ion-gel-based LSCO EDLTs. Large positive-bias-induced lattice expansion is 

observed, providing direct evidence of VO formation. Complementary bulk measurements using 

TGA and PXRD, supported by DFT, are then used to quantify the Vg-dependent VO density, 
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which reaches δ = 0.16 at +2 V. This electrochemical reduction penetrates the entire thickness of 

∼30-unit-cell-thick films, confirmed by uniform suppression of the magnetization depth profile 

from PNR, quantitatively consistent with the deduced VO density. The results thus establish 

SXRD and PNR as powerful in operando probes of electrolyte-gated materials, significantly 

advancing our understanding of gating mechanisms in oxide EDLTs.        
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FIGURE CAPTIONS 

Fig. 1. (a) Device and experimental setup schematic for synchrotron X-ray diffraction on 

epitaxial La0.5Sr0.5CoO3-δ films. (b) Gate-bias-(Vg)-dependent specular diffraction (00L) scans, 

where L is in reciprocal lattice units (r.l.u.) of the LAO substrate. (c) Change in c-axis lattice 

parameter (Δcop, left axis) and cell volume (ΔV, right axis) with Vg. (d) Change in Scherrer 

thickness (Δts, left axis), and ts itself (right axis), vs. Vg. (e) Change in film thickness from Laue 

fringes (Δtf), and tf itself (right axis), vs. Vg. Blue dotted lines are guides to the eye. 

Fig. 2. (a) Powder X-ray diffraction patterns of bulk La0.5Sr0.5CoO3-δ before and after the 

thermogravimetric analysis (TGA) scans shown in (b), which induce progressive reduction.    

The δ values from TGA are labeled on the right side of (a), and the curves are color-coordinated 

with (b). * denotes samples no longer in the perovskite structure, which are omitted from further 

analysis. (b) Reference powder diffraction pattern for cubic La0.5Sr0.5CoO3. (c) Bulk TGA scans, 

i.e., sample mass change (left axis) and conversion to δ (right axis) vs. temperature, for reduction 

in flowing N2. (d) Change in bulk cell volume (ΔV) and bulk lattice parameter (a) as a function of 

δ. The maroon dotted line is a straight line fit and the solid black lines are the theoretical ΔV due 

to formation of oxygen vacancies (UCo = 5 and 6 eV). (e) Change in δ (Δδ) with Vg in epitaxial 

films, obtained by combining Figs. 1(c) and 2(d). The blue dashed line is a guide to the eye.  

Fig. 3. (a) Device and experimental setup schematic for polarized neutron reflectometry on 

epitaxial La0.5Sr0.5CoO3-δ films. (b) Reflectivity (R) vs. scattering vector magnitude, Q, from a 

165 Å film at zero gate bias (Vg), 30 K, and 3 T. Black and red denote the non-spin-flip “R++” 

and “R--“ channels, respectively, for both data (points) and the fits to the model discussed in the 

text (lines). (c-e) Spin asymmetry at 30 K in 3T for Vg = 0, 2, and 3 V, respectively. Solid lines 
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are fits to the model discussed in the text. (f) Extracted magnetization (M) depth profile at 30 K 

in 3 T for Vg = 0, 2, and 3 V; z = 0 is the substrate/film interface.  
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