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a b s t r a c t

The development of next-generation memory architectures is essential to overcoming limitations of 
conventional architectures, notably the von Neumann bottleneck. Among emerging technologies, 
memristors have attracted considerable attention due to their scalability, low power consumption, and 
neuromorphic potential. However, limited endurance and retention, as well as process-integration 
constraints, continue to impede practical deployment. HfO2-based memristors are promising due to 
silicon compatibility and thermal stability, yet switching stability remains a key challenge. Here, we 
systematically investigate the structural role of the orthorhombic phase in Hf0.5Zr0.5O2 (HZO)-based 
memristors during the degradation process. Using in situ synchrotron X-ray diffraction (XRD) under an 
applied electric field, we tracked the field-driven structural evolution over repeated SET/RESET cycles. 
The orthorhombic phase diffraction intensity progressively decreases and peak broadening increases 
with cycling, while no distinct shift indicative of a macroscopic phase transition is observed within the 
experimental resolution. This degradation of crystallinity correlates with the rupture of conductive 
filaments and eventual device breakdown. These findings highlight the critical role of the orthorhombic 
phase in both switching behavior and device failure, providing insight into phase-engineered stability in 
memristive devices.
© 2026 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open 

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The need for next-generation memory devices is further 
emphasized by the limitation of conventional architectures arising 
from the von Neumann bottleneck issue [1,2]. Memristor based in- 
memory computing has therefore garnered substantial attention 

because it enables computation within the memory array, 
reducing data transfer between processor and memory [3,4]. 
Furthermore, memristors possess favorable characteristics 
including miniaturization, low power consumption, high-speed 
read/write capability, and compatibility with neuromorphic ar
chitectures [5–7]. Despite extensive materials exploration from 
metal oxides to organic systems, commercialization remains 
constrained by limited on/off ratio, endurance, retention, and 
incomplete CMOS compatibility [8–11]. Among candidate mate
rials, HfO2 based memristors, which are compatible with silicon 
and thermally stable, are promising candidates to address these 
limitations. Nevertheless, switching instability and retention 
remain unresolved.

In memory devices such as Fe-RAM, DRAM, and various ca
pacitors, understanding the breakdown pathways is one of the 
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most important factors for improving their reliability and stability 
[11–13]. Likewise, understanding and addressing the breakdown 
mechanism is crucial for resistive switching devices, where 
breakdown is closely linked to defect redistribution and conduc
tive filament  (CF) evolution. Recent studies have highlighted a 
connection between phase constitution and resistive switching in 
HZO. Zhu et al. reported that the orthorhombic phase with a uni
form microstructure significantly  affects the resistive switching 
behavior in HZO film [14]. In addition, Yoong et al. emphasized the 
role of orthorhombic phase in memristors, and similarly Zeng et al. 
carefully noted that amorphous or polycrystalline oxide based 
synaptic devices may hinder uniform CF formation, resulting in 
nonlinear switching behavior [15,16]. These findings  motivate 
direct observation of how orthorhombic-phase stability evolves 
under electrical stress and how such evolution relates to degra
dation and failure.

Up to now, metal oxide-based memristors including HfO2 have 
typically been described by the formation and rupture of CF 
mediated by oxygen vacancies. Yang et al. observed the CF forming 
process by scanning transmission electron microscopy (STEM) 
[17]. The formation of CF was driven by the migration of oxygen 
ions, and exhibited self-limiting behavior. Zhu et al. reported the 
importance of orthorhombic phase in Hf0.5Zr0.5O2 (HZO) for 
improving synaptic properties [14]. In many HZO stacks, a higher 
o-phase contribution is achieved under condiction where the ox
ygen vacancy distribution is concurrently modified.  Therefore, 
improved switching can be accompanied by increased leakage 
through oxygen vacancy related defect/trap states and defect 
assisted conduction pathways, rather than being intrinsic conse
quence of the o-phase [18,19]. Similarly, Lee et al. induced oxygen 
vacancies in HZO films by introducing WSe2 layers, which led to 
improvements in both resistive switching behavior and retention 
[20]. These findings  suggest that oxygen vacancy dynamics and 
phase stability are strongly coupled and may jointly govern 
switching reliability. Notably, recent interface-engineering studies 
further indicate that reducing oxygen vacancies can suppress 
leakage while maintaining or improving structural quality, high
lighting that leakage is primarily governed by defect chemistry and 
interfaces [21].

In this work, the entire process of resistive switching behavior, 
including initial, degradation and breakdown process was inves
tigated through in situ synchrotron X-ray diffraction (XRD) under 
applied electric field  and ex situ scanning transmission electron 
microscopy (STEM) combined with 4D nanobeam electron 
diffraction (NBED) technique. HZO films  with a La0.67Sr0.33MnO3 
(LSMO) bottom electrode were prepared by pulsed laser deposi
tion. The coexistence of orthorhombic and monoclinic phases in 
HZO films  was also characterized by high-resolution X-ray 
diffraction (HR-XRD) and transmission electron microscopy (TEM). 
According to in situ XRD and ex situ TEM analyses, electric-field- 
induced SET/RESET operations degraded the crystallinity of the 
orthorhombic phase. Finally, the orthorhombic phase was identi
fied as a crucial factor not only in the formation of CF but also in 
the breakdown process. This work provides new insights into the 
relationship between the orthorhombic phase and breakdown 
phenomena in memristive HZO thin films.

2. Experimental section

2.1. Device fabrication of Pt/Hf0.5Zr0.5O2/La0.67Sr0.33MnO3 structure

The Hf0.5Zr0.5O2 (HZO) and La0.67Sr0.33MnO3 (LSMO) thin films 
were deposited on the SrTiO3 (STO) substrate by PLD with a 
248 nm KrF excimer laser (Coherent, Compex Pro 205F). Acetone, 
methanol, isopropyl alcohol, and deionized water were used to 

remove organic particles and/or residues on the substrates. The 
LSMO as a bottom electrode layer was deposited at a 5 Hz repe
tition rate, a laser energy density of 2.0 J•cm− 2, a substrate tem
perature of 620 ◦C, and a 200 mTorr O2 gas environment. 
Subsequently, HZO was deposited at a 2 Hz repetition rate, a laser 
energy density of 2.0 J•cm− 2, a substrate temperature of 800 ◦C, 
and a 75 mTorr O2 gas condition. Finally, HZO/LSMO/STO structure 
was cooled down at 5 ◦C•min− 1. For fabrication of metal/insulator/ 
metal structure for memristor, Pt dot (50 nm thick) as a top elec
trode was deposited by e-beam evaporator using shadow mask at 
room temperature with a rate of 0.2 Å/s.

2.2. Materials characterization

XRD measurement was performed using 3A beamline (λ =

1:11296 �A) at Pohang Accelerator Laboratory (PAL), equipped with 
a four-circle goniometer. Reciprocal space map (RSM) was 
measured using X-ray beam focused to a size of 16 μm × 4 μm by a 
Kirkpatrick-Baez (KB) mirror at the 9C beamline (λ = 1:2398 �A) at 
the PAL.

For TEM analysis, cross-sectional lamella samples were pre
pared using a Ga + focused ion beam (FEI Helios NanoLab 450F1) 
with final low-kV cleaning to minimize surface damage.

TEM, STEM, and EDS analyses were performed using a double 
aberration-corrected TEM (Titan3 G2 60-300, FEI) at 200 kV. EELS 
and 4D-STEM nanobeam electron diffraction (NBED) measure
ments were conducted on a double aberration-corrected STEM 
(JEM-GrandARM300F, JEOL) operated at 300 kV. NBED datasets 
were acquired using a Gatan OneView camera in combination with 
a STEM synchronization system.

2.3. Resistive switching performance

I–V measurements were carried out using a probe station with 
Keithley 4200A-SCS parameter analyzer (Tektronix Inc., Beaverton, 
USA) for DC bias sweep. Top Pt electrodes and La0.67Sr0.33MnO3 
bottom electrodes were used to apply voltage bias and grounded, 
respectively.

2.4. In situ X-ray diffraction

A Pilatus 100k gate array detector (Dectris Ltd.) collected the 
diffracted X-rays from the sample. A delay generator (DG645, 
Stanford Research Systems) was used to synchronize the electric 
pulses and X-ray detection. The X-ray beam was focused onto the 
Pt electrode where the electric field was applied. Pulse sequences 
consisting of consecutive square-shaped pulses with fixed pulse 
widths and amplitudes of were applied to the sample to investi
gate the read and write states. (Details of the pulse trains used in 
each experiment are provided in the Supporting Information, 
Fig. S5b, Figs. S8–S9) [22].

2.5. Computational method

The 4D-STEM dataset was preprocessed using logarithmic 
scaling to enhance diffraction signal contrast. Clustering was per
formed using in-house MATLAB (2024a) code based on Non- 
negative Matrix Factorization (NMF) and k-means algorithms. 
The number of NMF components and k-means clusters was opti
mized via MSE analysis and the elbow method, respectively. Post- 
processing techniques including adaptive thresholding and disc- 
based detection were applied to identify and classify the phases 
of each cluster. Multislice simulations using the Multem package 
were performed to support phase identification  and validate 
experimental HAADF-STEM results.
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3. Results and discussion

Epitaxial Hf0.5Zr0.5O2 (HZO) films on perovskite substrates with 
La0.67Sr0.33MnO3 (LSMO) buffer layers have been widely investi
gated [15,23–25]. In this study, HZO layers were deposited under 
conditions that yield a mixed phase microstructure to examine 
which crystallographic phase most strongly governs resistive 
switching behavior and degradation. As shown in Fig. 1a, the 
distinct reflections  originating from STO substrate, LSMO layer 
(indicated by red arrows) and HZO film (indicated by dashed lines) 
were observed using synchrotron X-ray diffraction (XRD), indi
cating the oriented growth of the HZO thin film on STO substrate 
with LSMO buffer layer. Two distinct reflections at 2θ = 28.4◦ and 
30.2◦, corresponding to (1 11) monoclinic (m-) and (111) ortho
rhombic (o-) phase, respectively, suggest the textured poly
crystalline nature of the epitaxial HZO thin film.  The reciprocal 
space map (RSM) shown in Fig. 1b depicts the RSM reconstructed 
from a series of diffracted patterns. The regions of interest (ROIs) 
were selected in RSMs, which allow integration of the diffracted 
intensities corresponding to m- and o-phase. The reflections 
arising from the m-phase (white dashed rectangle) and o-phase 
(gray dashed rectangle) appear at Qz = 2.00 Å− 1, 2.12 Å− 1, corre
sponding to the out-of-plane interplanar spacings of 3.14 Å and 
2.96 Å, respectively. The non-zero in-plane scattering vector 
(Qx =±0.075 Å− 1) of (1 11) and (111) m-phase reflections indicates 
a small crystallographic tilt (interplanar angle of 87.85◦) relative to 
the primary out-of-plane orientation, consistent with a textured, 
mixed variant microstructure. These observations confirm  the 
polycrystalline nature of the HZO film.

Bright-field  scanning transmission electron microscopy (BF- 
STEM) was employed to examine the structural morphology and 
interfaces of the Pt/HZO/LSMO/STO heterostructure. As shown in 
Fig. 1c, the thicknesses of the HZO and LSMO layers were 
measured to be approximately 20 nm and 34 nm, respectively. 
Furthermore, high-magnification  high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) im
ages revealed the coexistence of both o- and m-phases, consistent 
with the XRD analysis. As shown in Fig. 1d, the atomic-scale 
HAADF-STEM image displayed a distinct contrast at the HZO/ 
LSMO interface, with atomic columns clearly resolved and exhib
iting well-maintained periodicity. Interplanar spacings measured 
from each phase were consistent with the XRD analysis, showing 
dm(111) ≈ 3.12 Å and do(111) ≈ 2.94 Å, closely matching the out-of- 
plane interplanar spacings of 3.14 Å and 2.96 Å corresponding to 
the (1 11) m- and (111) o-phases, respectively, as previously shown 
in Fig. 1b. The simulated images successfully reproduced the 
atomic contrast and structural features observed in the experi
mental HAADF-STEM images, further validating the coexistence of 
m- and o-phases in the HZO layer (Fig. S1 and Fig. S2). Despite the 
polycrystalline nature of the film,  individual grains (domains) 
exhibited well-aligned epitaxial relationships with the underlying 
LSMO substrate. Fast Fourier Transform (FFT) analysis of the 
magnified HZO/LSMO interface in Fig. S1 further revealed that the 
m-phase and o-phase domains correspond to [011] and [110] zone 
axes, respectively, with both phases aligned along the (111) out-of- 
plane direction of substrate. These shared crystallographic orien
tations and aligned FFT spots provide direct evidence that the HZO 
thin film is epitaxial on the LSMO substrate.

Fig. 1. Structural characterizations of HZO/LSMO thin films. (a) Synchrotron theta-2theta out-of-plane XRD scan of polycrystalline HZO sample. (b) RSM data from large number of 
2-Dimensional diffracted patterns; White and gray rectangles indicate (111) monoclinic and (111) orthorhombic phase, respectively. (c) BF-STEM image of HZO/LSMO/STO sample. 
Scale bar, 20 nm. Detailed crystallographic of as-grown sample (d–f) HAADF-STEM image of HZO/LSMO interfaces. Scale bar, 2 nm.

J.-C. Park, W. Seol, S. Baek et al. Journal of Materiomics 12 (2026) 101212

3



However, the interface is more appropriately described as 
semi-coherent rather than fully coherent, because the lattice 
mismatch is periodically accommodated by interfacial misfit dis
locations. Lattice matching ratios of 11:12 in the m-phase region 
and 9:10 in the o-phase region between HZO and LSMO were 
observed (Fig. 1d) [26]. These observations indicate that a periodic 
array of misfit  dislocations mitigates the interfacial lattice 
mismatch, thereby facilitating semi-coherent growth and enabling 
the coexistence of m- and o-phases within the HZO thin film. 
Furthermore, energy dispersive X-ray spectroscopy (EDX) 
elemental mapping of Hf (green), Zr (purple), O (yellow), Ti (red), 
Sr (beige), Mn (sky blue), and La (orange) was conducted for the 
HZO/LSMO/STO structure (Fig. S3). The EDX results reveal sharp 
interfaces between each layer, with no evidence of elemental 
interdiffusion or contamination.

Resistive switching was evaluated over repeated DC cycles and 
combined pulse/DC endurance trains. As shown in Fig. S4, the HZO 
film  containing coexisting m- and o-phase was categorized into 
five distinct states during the endurance test, labeled States (i), (ii), 
(iii), (iv), and (v). Before breakdown (States (i)-(iii)), the low 
resistance state (LRS) remained highly stable, while the high 
resistance state (HRS) exhibited notable variation across all re
gions. To connect electric degradation with structural evolution, in 
situ synchrotron diffraction patterns were collected at the LRS after 
each endurance state (Fig. 2 and Fig. S5). A pulse train was 
generated based on the triangular voltage waveform shown in the 
upper right corner of Fig. S5. Fig. 2b presents the evolution of the 
normalized integrated intensity ratios of the m- and o-phase 
diffraction signatures with electrical cycle number, obtained by 
integrating ROIs defined on the RSM data. Although the (111) o- 
phase peak intensity is often used as an approximation for 
orthorhombic phase content, it is also strongly affected by 
coherent diffracting volume, microstrain, and mosaicity. Thus, ROI 
integrated intensity is interpreted as a semi-quantitative metric of 
the coherent diffraction contribution from each phase. Throughout 
the endurance test, the relative integrated intensity of m-phase 
decreased by only 5% compared to the pristine state. In contrast, 
the o-phase intensity gradually declined beyond State (i), and 
dropped by more than 40% during the onset of breakdown (States 
(iv) and (v)). This suggests that repeated high-field cycling leads to 
degradation of the coherent o-phase crystallinity, which contrib
utes to the rupture of the conductive filament  (CF) network 
responsible for RS. Furthermore, since only the full width half 
maximum (FWHM) changed without notable shifts in the 2θ 

positions for both the m-phase and o-phase, it can be noted that no 
distinct phase transition occurred between the two phases within 
the experimental resolution. Instead, changes in the FWHM indi
cate a degradation in the crystallinity of o-phase compared to the 
m-phase. (Figs. S6 and S7). When sub-threshold voltages were 
applied, both integrated intensity ratios remained within 5% of 
their initial values, confirming  that structural degradation is 
driven by high-field  stimuli during the SET/RESET operations. 
(Figs. S8 and S9). Overall, these observations suggest that the 
orthorhombic phase is preferentially destabilized during cycling, 
and that this destabilization correlates with the progressive loss of 
stable resistive switching [27–29].

Fig. 3a–c presents phase mapping results obtained over a 
relatively wide area on the order of a hundred nanometers using 
4D-STEM based nanobeam electron diffraction (NBED), designed 
to complement local STEM observations and to enable reliable 
comparison of structural degradation with XRD data. Virtual 
bright-field  (vBF) images reconstructed from the 4D-STEM data
sets are shown in Figs. S10a, S10c, and S10e, providing an overview 
of the sample microstructure. The phase identification was per
formed by using NBED patterns processed by non-negative matrix 
factorization (NMF) in conjunction with K-means clustering. The 
extracted data were used to generate phase cluster maps with 
adaptive thresholding (Figs. S10b, S10d, and S10f). The represen
tative diffraction pattern for each cluster was integrated to extract 
d-spacings and interplanar angles. These values were compared 
with simulated patterns to determine whether the phase was 
orthorhombic or monoclinic. This large-area 4D-STEM/NBED 
analysis provides a spatial map of diffraction signatures assigned 
to o-like and m-like clusters. However, because automated phase 
assignment in multiphase polycrystalline HZO can be affected by 
lamella-thickness-induced overlap and classification uncertainty, 
we interpret these cluster maps as semi-quantitative and pri
marily discuss the trend in high-confidence o-like diffraction sig
natures with cycling [30]. Notably, cycling-induced degradation of 
o-phase crystallinity can reduce the sharpness/contrast of Bragg 
features in NBED patterns, which may cause degraded o-phase 
signals to be assigned to the nearest nonpolar (‘m-like’) cluster in 

Fig. 2. Electric field-dependent (a) resistance switching behavior changes in the HRS 
and LRS and (b) corresponding degradation of crystallinity obtained by integrating 
ROIs defined on the RSM data with in situ XRD.

Fig. 3. (a–c) Phase mapping data acquired using NBED-based 4D-STEM, Scale bar, 
10 nm. (d–f) HRTEM images for observing the localized changes of the monoclinic and 
orthorhombic phases at each State (i, iii, and iv). Scale bar, 5 nm.
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automated workflows. This trend was consistent with the quan
titative XRD, highlighting the complementarity of 4D-STEM and 
XRD in tracking phase evolution. While prior studies have reported 
cycling-induced polar-to-nonpolar phase transitions in HfO2 based 
devices under certain electrode/defect conditions, our data indi
cate that the dominant evolution is a loss of coherent o-phase 
diffraction contrast, rather than a distinct phase conversion. 
Accordingly, the apparent reduction of o-like regions in 4D-STEM/ 
NBED is interpreted as a decrease in unambiguous o-phase Bragg 
signatures, which is in line with the o-(111) peak intensity loss and 
broadening captured by synchrotron XRD, highlighting the 
complementarity of these two techniques for tracking phase 
evolution. Together, these techniques provide a comprehensive 
view of phase evolution by integrating spatial resolution with 
statistical robustness.

Additionally, Fig. 3d–f and Fig. S11 present HRTEM images with 
corresponding fast Fourier transform (FFT) analysis, which visually 
demonstrate localized reduction in the o-phase. Rather than 
implying a quantitative phase fraction change, these local analyses 
indicate that coherent o-phase nanodomains become smaller and 
more fragmented with cycling, resulting in fewer spatially 
continuous regions that exhibit unambiguous o-phase reflections. 
The accompanying FFTs in Fig. S11 index the characteristic re
flections and d-spacings for each region, corroborating the phase 
identification and its evolution under electrical cycling. These re
sults are consistent with the broader statistical trends identified 
by the 4D-STEM analysis. It is noted that the o-phase is clearly 
observed in State (i), however its domain size decreases in State 
(iii). In State (iv), the o-phase is significantly reduced, appearing 
only in small, confined  regions between m-phase domains. 
Supplementary Fig. S12 shows moir�e fringe images acquired 
from selected STEM regions in which grain contrast is clearly 
resolved. Grain boundaries were visually identified  from discon
tinuities in the moir�e patterns, and the projected areas of indi
vidual grains were quantified via pixel-based image analysis. The 
resulting distribution revealed the coexistence of relatively large 
and fine  grains, suggesting that grain coarsening and phase 
degradation may occur concomitantly with the oxygen vacancy 
migration [31,32].

To investigate cycling-induced oxygen-vacancy redistribution 
associated with the degradation of the o-phase, scanning trans
mission electron microscopy coupled with electron energy loss 
spectroscopy (STEM-EELS) was employed to analyze the redistri
bution of oxygen vacancies, as the o-phase is stabilized by a high 
concentration of oxygen vacancies [33]. As shown in Fig. S14, the 
oxygen vacancy concentration within the HZO film  decreases 
(indicated by the increase in a/b ratio in Fig. S14a) [34], while the 
oxygen vacancy concentration in the LSMO layer increases (indi
cated by the decrease in Δ EA&B in Fig. S14b) [35,36]. Since the 
stabilization of the o-phase requires a sufficient concentration of 
oxygen vacancies, this depletion may contribute to both the 
degradation of the o-phase structure and the rupture of CFs [34]. 
Furthermore, the oxygen deficiency, as revealed by the EELS 
analysis of the Mn valence state in LSMO, indicates that oxygen 
vacancies initially present in the HZO layer migrated toward the 
LSMO interface (Fig. S14c). This redistribution was additionally 
supported by STEM-EDS elemental mapping. While no significant 
compositional variation was observed in the LSMO layer in States 
(i) and (iii), spherical depletion zones became prominent in State 
(iv). These regions show evidence of Mn diffusion and pronounced 
oxygen depletion, indicating localized compositional modifica
tions in the LSMO layer (Fig. S15). Supplementary Fig. S10f offers a 
comparative phase map of the HZO thin film and the underlying 
LSMO electrode based on cluster analysis. Initially, the LSMO 
maintained a single-crystalline structure, but following electrical 

breakdown, its crystallinity was markedly reduced. This structural 
deterioration, likely driven by oxygen vacancy accumulation, 
resulted in the fragmentation of the LSMO layer into multiple 
phase clusters, indicating partial polycrystallization. Damage in 
the LSMO region helps explain the unusual drop in current 
observed after breakdown in our HZO/LSMO structure. Unlike 
conventional memristor devices, where CFs remain continuously 
connected and maintain high current levels post-breakdown, the 
migration of oxygen vacancies and accompanying loss of electrode 
crystallinity suppress the conduction pathway (Fig. S4).

To investigate the current transport mechanisms, double log
arithmic plot I–V curves were analyzed. Fig. 4a–c shows the double 
logarithmic plot of I–V plots for the States (i), (iii), and (v). In the 
HRS, the State (i) (initial field applications) exhibits two distinct 
conduction regimes as a function of applied voltage. In Fig. 4a, the 
State (i) follows the trap-filled-limited (TFL) conduction mecha
nism in the low-voltage region of the HRS. The slope of the I–V 
curve approaches 2, which typically indicates a nonlinear current 
increase caused by traps. Subsequently, in the LRS, the conduction 
follows Ohmic behavior until the RESET process occurs. 
Conversely, in the State (iii), the I–V curve for the HRS depicts three 
different regimes including Child's law (slope of I–V curve >2). 
Unlike TFL, which occurs when defects are dominant, Child's law 
arises under conditions of significantly  reduced trap density 
(Fig. 4b). This suggests a reduction in trap sites compared to State 
(i). Consistent with the previous XRD and EELS results (Fig. 2b and 
Fig. S14), this change in the conduction mechanism is inferred to 
result from a decrease in oxygen vacancies caused by the degra
dation of o-phase [33]. Finally, in the breakdown stage, conduction 
becomes approximately Ohmic over the measured voltage range, 
consistent with substantial modification of the switching layer and 
electrode interface such that transport is no longer governed by 
reversible trap/filament  modulation (Fig. 4c). When the o-phase 
degrades by more than 50%, the trap-site density becomes insuf
ficient  and the space-charge region contracts. Consequently, the 
injected carriers are dominantly thermally generated carriers. As a 
result, throughout the voltage sweep, only Ohmic conduction is 
observed to reflect the inherent characteristics of the RS layer.

Based on the combined structural and electrical results, we 
propose the qualitative RS mechanism of the HZO memristor, as 
illustrated in Fig. 4d–f. In the initial state, when a negative bias is 
applied for the SET process, the oxygen vacancies drift toward the 
Pt top electrode (TE, i.e., Pt), eventually forming CFs caused by the 
accumulation of oxygen vacancies extending from the TE to the 
bottom electrode (BE, i.e., LSMO). Upon applying a positive bias for 
the RESET process, redistribution of oxygen vacancies disrupts the 
pathway, leading to filament rupture. As this process is repeated, 
the oxygen vacancies within the HZO film progressively drift to
ward the BE. Once the vacancy concentration within HZO falls 
below a critical threshold, the formation of CFs becomes unlikely, 
resulting in a loss of RS behavior. Concurrent oxygen vacancy 
accumulation at the BE contributes to structural degradation of 
LSMO, further suppressing conduction and altering the breakdown 
electrical response.

4. Conclusions

We investigated resistive switching degradation and structural 
evolution in Pt/HZO/LSMO memristor by combining in situ syn
chrotron XRD under applied electric fields with ex situ 4D-STEM/ 
NBED phase mapping, STEM-EELS/EDS, and electrical character
ization. The orthorhombic component of the HZO layer exhibits a 
pronounced cycling induced loss of diffraction intensity and 
increased peak broadening, indicating progressive degradation of 
crystallinity. In contrast, the monoclinic contribution changes only 
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modestly. Large-area NBED phase maps and local HRTEM/FFT an
alyses corroborate preferential reduction of orthorhombic do
mains with cycling. EELS/EDS results indicate that oxygen 
vacancies are depleted from the HZO layer and accumulate toward 
the LSMO bottom electrode, coinciding with degradation of elec
trode crystallinity after breakdown. Transport analysis reveals a 
transition from trap-governed conduction in early cycling to 
increasingly trap-poor and ultimately Ohmic behavior near 
breakdown, consistent with depletion of oxygen vacancy related 
trap sites and structural modification. These findings demonstrate 
that orthorhombic phase stability and oxygen vacancy redistri
bution jointly govern endurance and failure in HZO memristors, 
providing guidance for improving reliability through phase stabi
lization and defect engineering strategies.
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