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In order to meet the high demand for 
the high-density and low-cost future 
data storage and logic circuits that are 
required for an ever increasingly inter-
connected world, novel devices and new 
modalities of operation are required.[1] 
Memristive devices for redox-based resis-
tive switching random access memory 
(ReRAM) are therefore intensively inves-
tigated as they present one of the most 
attractive emerging memory technolo-
gies.[2–5] Excellent device performance 
that combines fast switching, long 
retention and high-density stacking 
has already been demonstrated. But 
although significant progress in the 
understanding of resistive switching phe-
nomena was achieved in recent years,[2] 
research and development is still mainly 
based on purely empirical strategies, 
rather than on predictive concepts.[6] At 
the heart of this roadblock lies an inad-
equate understanding of the nanoscale 
redox phenomena that are believed to be 
the underlying mechanism that allows 

switching between a high resistance state (HRS) and a low 
resistance state (LRS).

A prominent example of a lack of knowledge about resistive 
switching processes is the occurrence of competing switching 
mechanisms in one and the same device, which can lead to 
two coexisting resistance hystereses of opposite voltage polarity, 
i.e., the device can be set to the LRS using both positive and 
negative voltages, depending on the magnitude of the applied 
voltage. These opposing switching mechanisms have been 
observed, for example, in memristive devices based on TiOx,[7,8] 
HfOx,[9,10] TaOx,[11] and SrTiO3

[12–16] thin films. Typically, resis-
tive switching in such so-called valence change memories is 
caused by an internal redistribution of oxygen vacancies within 
a switching filament at the Schottky-type electrode/oxide inter-
face.[2] This redistribution gives rise to a resistance hysteresis of 
normal (counter-eightwise) polarity, whereby a device can be set 
to the LRS by applying a negative voltage, while a positive voltage 
resets the device to the HRS. (Here, all voltages are given with 
respect to the Schottky-type (e.g., Pt) electrode.) However, resist-
ance changes can also be driven by a second mechanism in the  
same device, giving rise to a resistance hysteresis of opposite 

The control and rational design of redox-based memristive devices, which are 
highly attractive candidates for next-generation nonvolatile memory and logic 
applications, is complicated by competing and poorly understood switching 
mechanisms, which can result in two coexisting resistance hystereses that 
have opposite voltage polarity. These competing processes can be defined as 
regular and anomalous resistive switching. Despite significant characterization 
efforts, the complex nanoscale redox processes that drive anomalous resistive 
switching and their implications for current transport remain poorly under-
stood. Here, lateral and vertical mapping of O vacancy concentrations is used 
during the operation of such devices in situ in an aberration corrected trans-
mission electron microscope to explain the anomalous switching mechanism. 
It is found that an increase (decrease) in the overall O vacancy concentration 
within the device after positive (negative) biasing of the Schottky-type electrode 
is associated with the electrocatalytic release and reincorporation of oxygen 
at the electrode/oxide interface and is responsible for the resistance change. 
This fundamental insight presents a novel perspective on resistive switching 
processes and opens up new technological opportunities for the implementa-
tion of memristive devices, as anomalous switching can now be suppressed 
selectively or used deliberately to achieve the desirable so-called deep Reset.

Memristive Devices

Adv. Mater. 2017, 29, 1700212



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700212 (2 of 8)

www.advmat.dewww.advancedsciencenews.com

(eightwise) polarity. The origin of this anomalous switching 
polarity and its implications for device operation are still not 
understood.

This lack of understanding has been related primarily to the 
absence of an analysis method that can be used to provide infor-
mation about electronic and chemical structure with sufficient 
spatial resolution and sensitivity to detect small variations at the 
nanometer scale. This roadblock can now be overcome using 
new transmission electron microscopy (TEM) techniques and 
instrumentation. Unfortunately, for TEM specimens that have 
been switched ex situ, it is very challenging to place the active 
region of a device within the thickness of a TEM specimen (typi-
cally 100 nm or less), while problems with volatility over time[17] 
or during specimen preparation[18] can result in information 
loss. Most importantly, small changes in specimen preparation 
and experimental procedure can lead to difficulties in accu-
rately interpreting analytical data. In order to overcome these 
problems, we used in situ scanning TEM (STEM) and electron 
energy-loss spectroscopy (EELS) to image and characterize the 
active region in the same device in both resistance states, in 
order to unveil the fundamental redox processes that underlie 
eightwise resistive switching. We examine SrTiO3, which can 
be considered a model material because of its well under-
stood defect chemistry and feasible fabrication as an epitaxial 
thin film, i.e., a grain-boundary-free platform with a low defect 
density. The SrTiO3 layer is sandwiched between a degenerately 

Nb-doped SrTiO3 (Nb:SrTiO3) bottom electrode with metallic 
conductivity, yielding an almost ohmic contact, and a Pt top 
electrode, which presents a Schottky barrier to SrTiO3.

As a result of its potential for atomic-scale imaging of physical 
and chemical processes, there has recently been considerable pro-
gress in the development of in situ TEM using piezo-controlled 
electrical probes and great interest in its application to memris-
tive devices.[19–26] Most previous reports on valence change mem-
ories have been based on the use of TEM or STEM imaging and 
diffraction. Although they revealed changes during switching, 
they did not provide quantitative physicochemical information 
about the switching mechanisms, as they did not make use of 
analytical TEM techniques such as EELS to measure changes in 
atomic concentration or electronic states during switching. In 
addition, the electrical contact point is frequently applied directly 
to the region of interest, which can cause destructive local heating 
effects and mechanical stress.[20] As such extrinsic effects need 
to be prevented to study fundamental resistive switching pro-
cesses,[23] the key to successful in situ memristive operation in 
a TEM is careful positioning of the electrical contact. Therefore, 
in the present study we chose to operate a Pt/SrTiO3/Nb:SrTiO3 
device in a specimen of thickness ≈100 nm in situ in the TEM by 
contacting it electrically far from the actual device area, using a 
contact pad that was located on a thicker part of the specimen and 
connected to the active device through a lithographically defined 
metal lead (Figure 1a,b and Supporting Information).
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Figure 1. In situ memristive operation of an SrTiO3 device in a TEM. a) Schematic of the specimen examined. The switching filament where we found 
switching-induced changes is shown in red. Insets: very low magnification STEM image of the specimen and electrical contact (left) and slightly larger 
magnification of the specimen and electrical contact (right). The insets are also shown in Figure S1 (Supporting Information). b) Higher magnifica-
tion HAADF STEM image showing the geometry of the device. c) Ti L-edge EEL spectra for the regions indicated in (e), acquired before and during 
switching with the device in the LRS and HRS. d) I–V characteristics of the device, as examined in the TEM. Positive and negative voltages applied 
to the Pt electrode lead to a smooth Set and Reset operation, respectively. For the Set operation, a current compliance of 100 µA was used. e) STEM 
image showing the region examined during the switching experiment. The different zones that were examined are labeled. f) O K-edge EEL spectra for 
the same regions as in (c). Although the oxygen spectra are noisy relative to the Ti spectra, a reduction in the peak “A” intensity can be observed in the 
LRS, indicating an increased number of electrons in the conduction band, i.e., an increased amount of Ti3+(ref. [29]).



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700212 (3 of 8)

www.advmat.dewww.advancedsciencenews.com

High-angle annular dark-field (HAADF) STEM images 
(Figure 1b) and EEL spectra were acquired before the switching 
experiment to measure the device in the unformed state. A rep-
resentative Ti L-edge EEL spectrum acquired in the pristine state 
confirms the presence of homogeneous, fully oxidized SrTiO3 
(mainly Ti4+ states, Figure 1c). The device was then switched 
between the LRS and HRS in an eightwise hysteresis direc-
tion by sweeping to positive and negative voltages, respectively 
(Figure 1d). In order to protect the lamella from excessive Joule 
heating, a comparably low current compliance of 100 µA was 
used. Before and after each switching event, the entire active 
device area was mapped using EELS. The oxidation state in each 
region of the device could then be obtained from the intensities 
and positions of the different characteristic peaks in the EEL 
spectra.[27–29] Figure 1e shows an HAADF STEM image of the 
region of interest with the substrate, film and Pt/SrTiO3 inter-
face regions indicated. The Ti L-edge after switching to the LRS 
and the HRS is shown in Figure 1c. For the device in the HRS, it 
is clear that there are only small changes in the Ti spectra when 
compared with the pristine state for the entire device. However, 
for the LRS there are reductions in intensity and shifts of the 
characteristic peaks, corresponding to a reduction in Ti4+ states 
and an increase in Ti3+ states, as is apparent from a decrease 
of the L3 t2g peak and a slight shift and broadening of the other 
peaks.[30] This trend is confirmed by changes in the O K-edge 
spectra in the same regions (Figure 1f). In order to verify the 
reproducibility of these results and that they did not result from 

irreversible heating effects, the device was switched between the 
LRS and HRS several times and further spectra were acquired, 
resulting in the same observations (Figure S2, Supporting Infor-
mation). We also verified that the LRS retention inside the micro-
scope was sufficiently stable for our measurements by reading 
out the resistance after several days. This demonstrates that the 
observed changes are due to nonvolatile switching effects.

The oxidation states in the device were then mapped with 
high spatial resolution. Figure 2a shows an annular dark-field 
(ADF) STEM image of the region of interest in the LRS, while 
Figure 2b,c shows EEL spectra collected from the ≈20 nm 
SrTiO3 thin film from the substrate toward the Pt interface in 
steps of 1.2 nm for both the LRS and the HRS. A gradual shift 
and broadening of the L3 eg peak is visible in Figure 2b, indi-
cating a gradual change in the Ti3+/Ti4+ ratio in the LRS. This 
trend becomes more obvious when the normalized intensity of 
the L3 t2g edge is plotted (Figure 2d), providing a direct measure 
of the oxidation state of the device.[30,31] The fact that this valence 
change is caused by oxygen vacancies is evident from the oxygen 
concentration profile obtained by integrating the oxygen EELS 
edge (Figure 2d). The oxidation state is modified most strongly 
near the Pt electrode, where the L3 eg edge is shifted by −0.3 eV. 
This shift is indicative of a decrease in oxygen-vacancy concen-
tration of up to 4 at%.[30] A map of the L3 eg peak width indicates 
changes in Ti3+ concentration in a two-dimensional manner 
(Figure 2e). For the LRS, the Ti3+ concentration appears only 
in the SrTiO3 film, increasing linearly from the bottom to the 
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Figure 2. Vertical mapping of the redox reaction. a) High-resolution ADF STEM image of the region of interest in the LRS. b) Ti L-edge EEL spectra 
for the device in the LRS. The spectra were acquired across the SrTiO3 film in 1.2 nm steps from the bottom to the top, as indicated in (a). They show 
the evolution of the edges as a function of position up to a depth of 20 nm into the device. c) Ti L-edge EEL spectra for the device in the HRS. Again, 
the spectra were acquired across the SrTiO3 film in 1.2 nm steps from the bottom to the top, as indicated in (a). d) Upper panel: intensity of the L3 eg 
edge as a function of depth into the specimen for the LRS and HRS to a depth of 55 nm into the device. Lower panel: oxygen concentration profiles 
acquired by integrating the oxygen EELS edge for the same region in the HRS and LRS. e) Map of the fitted Ti L3 eg peak width in the LRS. f) Map of 
the fitted Ti L3 eg peak width in the HRS.
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top, while it is rather homogeneous laterally. A comparison of 
this trend in Ti3+/Ti4+ ratio for the LRS with the same measure-
ment for the HRS reveals that in the HRS the entire film shows 
only Ti4+ states and no oxygen deficiency (Figure 2c,d,f), con-
firming that a valence change at the Pt/SrTiO3 interface is the 
origin of the eightwise memristive operation. Since operation 
at high current densities may lead to the formation of Sr-rich 
secondary phases in SrTiO3 devices,[17,32] we would like to note 
that, to within experimental resolution, we did not find evidence 
for Sr or Ti movement during the switching between a LRS 
and a HRS. Regarding the location and the horizontal extent 
of the switching filament, a detailed investigation is provided 
in the Supporting Information (Figures S3–S5). In accordance 
with our previous reports on eightwise switching in SrTiO3, we 
found filamentary switching (compare Figure 1a) with a rather 
large (µm-sized) filament.[12,17,29]

As direct experimental observation of the redox states in the 
LRS and HRS has been inaccessible, several models have been 
suggested to explain the anomalous switching phenomenon, as 
described below. Our nanoscale insight about the redox reac-
tion during eightwise resistive switching obtained using in situ 
TEM characterization now allows us to evaluate each of the pro-
posed mechanisms.

Mechanism 1: Since the regular switching can be explained 
well through the motion of oxygen vacancies, it was suggested 
that anomalous switching is related to purely electronic effects 
instead, such as charge trapping mechanisms which may alter 
the effective Schottky barrier.[16,33,34] But as our results clearly 
demonstrate a change in oxygen-vacancy concentration during 
switching, purely electronic effects are not responsible for the 
resistance change observed here. Instead, the frequently observed 
change of the Schottky barrier[16] is a result of the change in 
oxygen-vacancy concentration.[29,35,36] As shown in our previous 
work, the change in oxygen-vacancy concentration observed here 
can fully account for orders of magnitude in device resistance.[29]

Mechanism 2: Since we showed in our earlier work that the 
Nb:SrTiO3/SrTiO3 interface is not free from space charge,[37] 
a possible explanation for anomalous switching could involve 
resistive switching taking place at the bottom electrode inter-
face instead of at the top Pt interface because of an increased 
potential barrier modulated by the near-interface oxygen-
vacancy concentration ([ O

..V ], using the Kröger-Vink nota-
tion[38]) (Figure 3a,b) as was suggested for many other systems 
as well.[7,39] Here, the potential barrier at the bottom electrode 
interface would have to be larger than that at the top electrode 
interface in order to dominate the I–V characteristics of the 
device. However, for this scenario to be true, we would expect 
high [ O

..V ] near the Nb:SrTiO3/SrTiO3 interface in the LRS, 
whereas our experimental results indicate exactly the opposite, 
i.e., oxygen-vacancy accumulation at the Pt interface.

Mechanism 3: When oxygen vacancies are attracted to the top 
electrode and are highly concentrated near the interface, then the 
region below may become oxygen-vacancy-deficient (Figure 3c). 
The increased resistance of this region then causes the HRS.[12,40,41] 
However, [ O

..V ] would need to be highest near the interface for the 
HRS, which is opposite to the flat [ O

..V ] distribution in the HRS 
and the [ O

..V ] increase in the vicinity of the Pt electrode in the LRS 
observed in our results. Therefore, Mechanism 3 cannot account 
for anomalous resistive switching in these samples.

As these suggested mechanisms do not agree with our exper-
imental Ti3+ profiles for the LRS and HRS, we investigated the 
evolution of the corresponding oxygen-vacancy distributions 
upon electrical bias using a numerical drift-diffusion model 
of coupled electronic-ionic transport inside the oxide layer (see 
Supporting Information for details).[42] In the simulations, both 
electrodes are considered to be oxygen blocking, enabling a 
mere redistribution of the donor-type oxygen-vacancies inside 
the oxide layer. Starting with the homogeneous oxygen-vacancy 
distribution of the HRS (Figure 3d), a positive triangular voltage 
signal is applied, resulting in the (intuitively expected) retrac-
tion of oxygen vacancies from the Pt interface. Such a distribu-
tion is associated with an increased Schottky barrier and there-
fore an increased device resistance (Figure 3e,f). This behavior, 
which in fact corresponds to the regular counter-eightwise 
switching mechanism, is in stark contrast to our experiments, 
in which the SrTiO3 device is switched to the LRS in the pres-
ence of a positive bias, with an increased concentration of Ti3+ 
at the Pt electrode interface, corresponding to an increased [ O

..V ].
The evolution of the oxygen-vacancy profile of the LRS 

upon application of a negative triangular voltage signal was 
also simulated (Figure 3g,i). A further increase in [ O

..V ] was 
observed near the Pt electrode interface, while the concentra-
tion at the Nb:SrTiO3 electrode decreased. The resulting distri-
bution does not resemble the flat distribution of the HRS in 
our experimental data. In conclusion, pure redistribution of 
oxygen vacancies inside the oxide—one of the basic assump-
tions of many resistive switching models—leads solely to 
counter-eight wise resistive switching and completely fails to 
explain eightwise resistive switching, as the observed donor 
profiles for the LRS and HRS cannot be transformed into each 
other.

Based on the shortcomings of these existing models, we pro-
pose the following model for eightwise switching, which is in 
excellent agreement with our experimental results.

Mechanism 4: As the total oxygen-vacancy concentration 
in the entire SrTiO3 film (and not just at one interface) varies 
reversibly between a high concentration after applying a posi-
tive voltage (Set to LRS) and a low concentration after applying 
a negative voltage (Reset to HRS), oxygen must inevitably be 
removed from the SrTiO3 lattice at the Pt electrode interface 
during the Set process and reincorporated during the Reset, as 
shown schematically in Figure 4. This behavior is verified exper-
imentally by the total oxygen concentration difference of the 
device in the LRS and HRS (Figure 2d). In other words, a posi-
tive bias on the Pt electrode results in anodic oxidation of lattice 
oxygen and in the formation of oxygen vacancies in the vicinity 
of the Pt/SrTiO3 interface and the evolution of oxygen gas. This 
reaction leaves behind two electrons, as observed experimentally 
in the form of a valence change between Ti4+ and Ti3+

O 2
1

2
OO O

..
2V ex → + ′+

 (1)

2 Ti 2 2 Ti4 3e+ →+ − +
 (2)

In the same sense, a negative bias results in a reduction reac-
tion at the Pt/SrTiO3 interface 
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From an electrochemical perspective, these processes can be 
regarded as oxygen evolution and oxygen reduction reactions.[43]

To verify that such electrochemical processes are not an 
artifact from device operation in a TEM, similar devices were 
also operated in dry gas atmospheres of varying oxygen partial 
pressure (Figure S6, Supporting Information). The Roff/Ron 
ratio is largest in oxidizing atmospheres, indicating exchange 
with the surroundings and verifying the mechanism that was 
derived from our TEM results. While the triple phase boundary 
(SrTiO3/Pt/vacuum) at the lamella edge may play a role for the 
oxygen evolution inside the TEM, these devices do not exhibit 
a triple phase boundary with the surrounding atmosphere. 

Therefore, the oxygen is evidently (partially) stored within the 
Pt electrode and not completely removed from the devices, as 
they are operational in reducing atmospheres and in a vacuum 
inside the TEM (with a less efficient Reset for both cases). 
Migration and storage of oxygen species within Pt electrodes 
has already been shown many years ago,[44–46] most probably 
as an effect of physisorption or chemisorption within grain 
boundaries. Nevertheless, the exact details of the oxygen evo-
lution and reduction reactions at the interface under applied 
bias as well as the influence of the electrode’s microstructure 
and the influence extrinsic species such as water or adsorbed 
carbon species have to remain a subject of future research.

There have already been indications and considerations that 
oxygen evolution and reincorporation can also drive resistance 
change in other valence change memristive systems, such as 
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Figure 3. Limitations of previous attempts to explain eightwise switching in SrTiO3. a) Exemplary I–V curve of a typical µm-sized device exhibiting eight-
wise switching. b) Proposed mechanism for switching at the bottom electrode interface located at x = 20 nm. Schematic oxygen-vacancy concentration 
NVO A) in the LRS, B) during Reset, C) in the HRS, and D) during Set based on ref. [42]. c) Proposed mechanism for switching far from the top electrode 
interface located at x = 0 nm. Schematic oxygen-vacancy concentration NVO A) in the LRS, B) during reset, C) in the HRS, and D) during Set based on 
the mechanism proposed in ref. [12]. The resistance of the top interface, the SrTiO3 layer itself, and the bottom interface are represented by electronic 
symbols for simple resistors connected in series. Low resistance is indicated in red and high resistance is indicated in blue. d) Oxygen-vacancy profile 
of the HRS derived from the experiments. e) Simulated I–V curves for a triangular signal of positive voltages, using the vacancy profiles from (d) as 
initial donor concentration profiles. f) Simulated vacancy profiles before and after the application of the positive voltage signal (blue line and green line, 
respectively). g) Oxygen-vacancy profile of the LRS derived from the experiments. h) Simulated I–V curves for a triangular signal of negative voltages 
using the vacancy profiles from (g) as initial donor concentration profiles. i) Simulated vacancy profiles before and after the application of the negative 
voltage signal (red line and green line, respectively).
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WO3−x,[47] TiO2,[8] Si-rich SiOx,[48,49] Nb:SrTiO3,[50] CeO2,[21] 
SrRuO3,[11] La0.8Sr0.2MnO3,[51] Pr0.67Ca0.33MnO3,[52] and the 
technologically relevant HfOx

[9,10] and TaOx.[11] However, most 
of these reports were based on the interpretation of I–V curves 
(except for the detailed investigation in ref. [21]), while we now 
provide direct spectroscopic verification of the redox states 
in the LRS and HRS. Oxygen evolution and reincorporation 
remained largely ignored for the understanding and mode-
ling of memristive devices and, accordingly, for their develop-
ment toward applications. Hence, our direct observation of the 
valence change induced by the oxygen evolution and oxygen 
reduction reaction demonstrates a fundamentally important 
insight into redox-based memristive devices in general. In fact, 
we believe this is a similar situation as the recently proposed 
resistive switching with oxidizable electrodes based on electro-
chemical electrode reactions.[53]

At first sight, a switching mechanism that is based on 
oxygen evolution and reincorporation is technologically chal-
lenging due to exchange with the environment, as purely 
internal redistribution (i.e., counter-eightwise switching) might 
be favorable to improve device stability. Accordingly, the devel-
opment of an understanding of the origin of eightwise resis-
tive switching can help to design memristive devices by edu-
cated means through the suppression of eightwise switching. 
This suppression could be achieved, for example, through 
engineering of defect density, film thickness and operating 
conditions, in order to develop intentional architectures 
that enhance internal redistribution and suppress oxygen 
exchange. For example, eightwise switching typically requires 
higher operating voltages than counter-eightwise switching  

(Figure S7, Supporting Information). Operation at low voltages—
which can be understood based on our results as operation 
below the critical voltage for oxygen evolution and reincorpora-
tion—can therefore suppress eightwise switching.

On the other hand, the HRS obtained with oxygen-exchange 
driven switching is higher than the HRS for counter-eightwise 
switching in the same cells, frequently leading to higher 
Roff/Ron ratios for eightwise switching (see Figure S7 in the 
Supporting Information as an example). In other words, reoxi-
dation of the entire switching filament yields a more complete, 
deeper Reset compared to the pure redistribution of vacancies. 
Such a deep reset is desirable for fast and easy access in an 
integrated circuit.[54] We would like to note that a similarly deep 
Reset can be obtained when electrochemical reactions with 
oxidizable electrodes occur.[55] The use of such electrochemical 
mechanisms therefore provides opportunities as well as chal-
lenges for technological implementation.

In conclusion, our insights derived from in situ TEM 
analysis provide an explanation for the long-debated anoma-
lous eightwise switching and coexistence of two switching 
polarities in oxide memristive devices. In our model material 
SrTiO3, electrochemical oxygen evolution and oxygen reduc-
tion reactions, rather than the typically invoked internal redis-
tribution of oxygen-vacancies, give rise to eightwise switching. 
While oxygen evolution has already been accepted as a mecha-
nism for electroforming, the reincorporation of oxygen (i.e., 
the oxygen reduction reaction) has long been neglected in this 
material system and in resistive switching oxides in general. 
However, the observed difference in total oxygen-vacancy con-
centration between the LRS and HRS provides indisputable 
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Figure 4. Proposed mechanism for anomalous switching through oxygen evolution and reincorporation of oxygen. An exemplary I–V curve of a similar 
device exhibiting anomalous switching is depicted together with schematics of the proposed mechanism. A) LRS. Oxygen-vacancy filament (green 
circles) in a matrix of stoichiometric SrTiO3 (yellow circles) sandwiched between a Pt top electrode (gray circles) and a Nb:SrTiO3 bottom electrode 
(blue circles). B) Reset operation. Oxygen ions are reincorporated into the SrTiO3 lattice at the Pt electrode and recombine with the oxygen vacancies, 
reducing the total number of vacancies in the filament. C) HRS. The filament is nearly completely re-oxidized. D) Set. Oxygen ions are removed from 
the SrTiO3 lattice at the Pt electrode, leaving behind oxygen vacancies.
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evidence for this mechanism and demonstrates a route toward 
a deep Reset, which is desirable for technological implementa-
tion. At the same time, an understanding of the origin of eight-
wise switching will enable the educated design of memristive 
devices.

Experimental Section
Experiments were performed using a double-aberration-corrected FEI 
Titan Ultimate TEM equipped with a high brightness electron source 
and a Gatan Tridiem energy filter equipped with Dual EELS. The 
probe corrector was used to obtain a beam current of 200 pA while 
maintaining nanometer resolution. Specimens were characterized using 
HAADF and ADF STEM and EELS before the switching experiments. The 
device was cycled between the HRS and LRS several times and then left 
in an HRS, before immediately acquiring HAADF/ADF STEM images 
and EEL spectra. The EEL spectra were acquired using dual EELS, where 
the low loss region was recorded over the range −20 to 200 eV and the 
core loss region was recorded over the range 400–600 eV at a dispersion 
of 0.1 eV pixel−1. The specimen was then switched to an LRS and EEL 
spectra were acquired. The EEL spectra were examined using only 
standard tools included in Gatan Digital Micrograph software. The only 
processing steps that were used involved aligning the spectra using the 
zero loss peak and removing plural scattering.

Oxygen maps were obtained using standard EELS signal integration 
techniques. However, it was found that removal of the background could 
lead to large errors in quantitative measurements of concentrations 
and that these measurements could be unreliable (Figure 2d). This 
is especially true for SrTiO3, where the Ti and oxygen edges are close 
to one another. Therefore, we focused on the observation of the fine 
structure in the Ti spectra, which allows quantitative analysis of small 
changes. In order to provide maps of changes in TiO bonds in the 
region of interest, we fitted the Ti spectra to Lorentzian functions 
using custom software written in Matlab. Noise in the experimental 
data and the complex form of the Ti spectra meant that the best-fitting 
data were provided by the width of the L3 eg edge, which was used to 
provide maps of changes in Ti4+/Ti3+ distribution in the active regions 
(Figure 2e,f).

It was found that the electron beam did not affect the I(V) characteristics 
of the device. In addition, no current was generated by the electron beam 
when it was incident on the specimen. The specimen was switched ten 
times and then returned to a HRS and a LRS, so that additional EEL 
spectra could be acquired to assess the reproducibility of the results 
(Figure S2, Supporting Information). The experiments were repeated on 
a second device to ensure that the method is reproducible. These types 
of devices were examined extensively using in situ TEM with a range of 
different techniques, including off-axis electron holography for electrostatic 
potential mapping and energy dispersive X-ray spectroscopy for elemental 
analysis. It was found that STEM EELS was the most appropriate tool for 
assessing redox changes during the switching process.

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