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A B S T R A C T   

Memristors, recognized as key devices for mitigating the von Neumann bottleneck, show great potential in non- 
volatile memory technology. Their performance is fundamentally linked to the chemical composition and 
structural characteristics of their intermediate dielectric layer. Owing to the inherent advantages of metal oxides, 
such as their simplistic chemical makeup and superior thermal stability, memristors featuring a Metal-Insulator- 
Metal (MIM) sandwich structure with metal oxides as the intermediate layer have received extensive focus. In 
this study, a Pt/Ni0.5Zn0.5MnxFe2-xO4(NZMFO)/Pt composite film was prepared, and its resistance switching 
behavior was modulated by altering the doping concentration of Mnn+ in NZMFO. The experimental results 
indicate that altering the Mnn+ doping concentration does significantly impact the content of oxygen vacancies. 
As the concentration of Mnn+ increases from 0.10 to 0.20 at.%, the content of oxygen vacancies correspondingly 
rises from 46.58 % to 76.42 %. Concurrently, variations in Mnn+ doping concentration significantly alter the 
resistance switching properties of the Pt/NZMFO/Pt composite films. This includes elevating the set/reset 
voltage, diminishing the resistance ratio, and enhancing the durability with the augmentation of Mnn+ con
centration. By meticulously adjusting the Mnn+ doping concentration, we can achieve a memristor characterized 
by superior performance across all metrics. Considering all performance aspects, this study determined that the 
Pt/NZMFO/Pt thin film memristor with x = 0.15 exhibits adequate endurance (100 cycles), high data retention, 
and stable set/reset voltage. This work underscores the critical role of Mnn+ doping concentration in optimizing 
the electrochemical properties of NZFO memristors, illustrating a strategic pathway to engineer memristive 
devices with enhanced performance for future non-volatile memory applications.   

1. Introduction 

Recently, the advancement in the memory industry’s manufacturing 
techniques has approached its technological boundaries. The inability of 
conventional data storage devices to fulfill the increasing storage de
mands calls for an immediate exploration of novel memristor variants 
characterized by swift read/write capabilities, substantial storage ca
pacity, and improved robustness. Memristors are regarded as top con
tenders in the arena of non-volatile memory solutions and in addressing 
the von Neumann bottleneck, thanks to their distinct aptitude for 
merging sensing, storing, and processing functionalities [1–3]. With the 
progression of information technology, a growing need for storage me
diums with augmented attributes, particularly in energy conservation, 
expandability, and longevity, has emerged. This heightened require
ment for advanced storage options underlines the importance of inves
tigating new materials that exhibit enhanced qualities to propel the 

innovation in non-volatile memory technologies [4–7]. Furthermore, 
the evolving landscape of computing technologies places memristors at 
the forefront of neuromorphic computing systems, where their capacity 
for endurance, retention, and energy efficiency becomes paramount. 

Spinel ferrite, an important multifunctional technical material, finds 
widespread use in electronic and magnetic devices [8,9]. Spinel ferrites 
demonstrate an exceptional ability to transfer oxygen and electrons, a 
characteristic attributed to various vacancies and defects within their 
structure [10,11]. Concurrently, elemental doping in spinel ferrite re
duces formation energy inside and near the grain boundary, facilitating 
oxygen vacancy formation at doping sites and decreasing the random
ness of conductive filament formation, thereby influencing the resis
tance switching performance of the memory device [12–15]. Various 
ions (Tan+, Mon+, Crn+) have been doped into spinel ferrite, altering its 
internal structure characterized by high-density defects [16–18]. 

Among the doped ions, Mn ion has been particularly applied across 
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numerous materials due to its diverse valence states [19–25]. Dai 
observed that the Mn-doped ferromagnetic amorphous gallium oxide 
memristors show a high Roff/Ron ratio of 103, at least one order of 
magnitude higher than those of previously reported purely gallium 
oxide-based memristors [26]. Xu discovered that Mn doping reduces the 
band gap of SnO2, potentially forming a conductive path in the cell, 
thereby expediting the Set and Reset processes in RRAM [27]. Yang 
noted that Mn-doped SrTiO3 thin film memristors can significantly 
improve the RS performance of device by doping Mn ions into STO to 
replace part of Ti ions, and helps to explore the cutting-edge applications 
of high-performance RS devices in information processing and AI [28]. 
This accumulation of evidence highlights the multifaceted role of Mn 
doping in modifying the electrical and magnetic properties of various 
materials. Similarly, in spinel structures, substituting Mnn+ for Fen+

alters the configuration of inherent defects, thereby affecting their 
electromagnetic properties. Mnn+ possesses a broader valence state 
range than Fen+, enabling more effective regulation of electromagnetic 
properties [29,30]. Consequently, investigating the impact of Mn doping 
on the resistance switching characteristics of ferrite films is a viable 
approach. 

In this study, Ni0.5Zn0.5MnxFe2-xO4 (NZMFO) ferrite thin films with 
different Mn doping concentrations were deposited by PLD technology, 
and different NZMFO thin film memristors were obtained. The study 
focused on the creation and breaking of conductive filaments of oxygen 
vacancies within the NZMFO functional layer, revealing that the NZMFO 
device exhibits characteristics of resistance switching. In addition, the 
effect of Mn doping concentration on the microstructure of NZMFO thin 
films and the resistance switching performance of the corresponding 
devices were studied by using sufficient material characterization. 
Finally, the effects of oxygen vacancy concentration on the high and low 
resistance ratio and stability of the corresponding resistive switching 
devices from 0.10 to 0.20 at.% Mn doping concentration were studied. 
At the same time, we observed that increasing Mn doping concentration 
directly correlates with enhanced endurance and retention [31,32]. 
These findings align with recent studies highlighting the importance of 
material composition and doping in improving neuromorphic device 
performance [33,34]. By meticulously adjusting the Mn doping con
centration, our study suggests a viable pathway to optimizing RRAM 
devices for neuromorphic computing applications, offering a strategic 
balance between electrical performance and device stability. 

2. Experimental sectional 

Initially, NZMFO powders with varying Mn concentrations were 
synthesized using the sol-gel method. Subsequently, these powders were 
formed into targets for the deposition of NZMFO ferromagnetic metal 
oxide thin films on Al2O3 substrates. This deposition was carried out 
using the pulsed laser deposition (PLD) technique. Prior to the deposi
tion, the alumina substrates were meticulously cleaned using acetone 
and alcohol. A platinum (Pt) metal film layer was then applied onto the 
Al2O3 substrate as the bottom electrode, employing PLD under specific 
conditions: a laser power of 300 mJ, a laser repetition rate of 5 Hz, and a 
vacuum level of 1 × 10− 4 Pa. The deposition parameters are detailed in 
Table 1. Under these conditions, NZMFO thin films with different Mn 
doping levels were successfully deposited on the Pt/Al2O3 substrates via 

PLD. The process involved controlling the substrate and annealing 
temperatures at 600 ◦C and 750 ◦C, respectively. 

The composite film’s crystal structure underwent characterization 
through X-ray diffraction (XRD, Ultima IV, Japan) and Raman scattering 
spectroscopy (Renishaw, Gloucestershire GL12 7DW, United Kingdom). 
Field emission scanning electron microscopy (SEM, JSM-7800F, JEOL 
Ltd, Akishima, Tokyo, Japan) and atomic force microscopy (AFM, JPK) 
were utilized to examine the surface and cross-sectional morphologies of 
the films. To ascertain the chemical states of the composite membranes, 
X-ray photoelectron spectroscopy (XPS, ESCALab250, USA) and electron 
diffraction spectroscopy (EDS, Bruker Nano GmbH Berlin, Germany) 
were employed. The retention and durability of Pt/NZMFO/Pt device 
was assessed using a Keithley 4200 instrument, and variations in HRS/ 
LRS and set/reset voltage data were recorded. 

3. Results and discussion 

3.1. Effect of Mn doping on structure and morphology of thin film 
memristor 

Fig. 1(a) displays the structural diagram of the thin film memristor, 
featuring a Metal-Insulator-Metal (MIM) sandwich structure, which 
represents the most common configuration in current memristor tech
nology [35]. In this MIM-structured device, inert metal Pt was selected 
as both the upper and lower metal layers, with NZMFO constituting the 
central resistive layer. Among these, binary oxides offer significant ad
vantages, including simple chemical composition and superior thermal 
stability. Fig. 1(b) displays the AFM image of the film’s surface. The 
image reveals a smooth film surface, with a root mean square roughness 
(Rq) of the sample being 0.828 nm. Fig. 1(c) illustrates the SEM and EDS 
image of the cross section. This image demonstrates a distinct layered 
structure between the ferrite and the metal layer, with the distribution of 
Fe and Pt elements mirroring that observed in the SEM cross-section. 
The Pt metal layer measures ~200 nm in thickness, while the ferrite 
layer is ~400 nm thick, both of which can be regulated by varying the 
number of deposition cycles. Fig. 1(d) showcases the EDS mapping 
image of the film surface. This image indicates uniform doping of the Mn 
element across the film, with other elements also being evenly distrib
uted throughout. This suggests uniform doping of Mn in NZFO, resulting 
in a NZMFO film of high uniformity. 

Fig. 2(a) depicts the XRD pattern of NZMFO and Pt composite films, 
with the structural characteristics being analyzed within the range of 2θ 
angles from 20◦ to 80◦ [36]. Disregarding the characteristic peaks of the 
Al2O3 substrate and the Pt film, the diffraction patterns reveal strong 
peaks at (113), (004), (333), and (444), aligning with the Ni0.5Zn0.5

Fe2O4 structure as per the standard reference card PDF#52-0278 for 
pure Ni0.5Zn0.5Fe2O4. This confirmation underscores the presence of the 
NZFO phase in the composite films. A notable shift in the primary peak 
(113), from 35.62◦ to 35.84◦towards higher angles, is observed with an 
increase in Mn doping concentration. This shift is attributable to the 
ionic radius of Mnn+ being smaller than that of Fe3+. When Mnn+ ions 
substitute Fe3+ sites within the NZFO lattice, this results in a distortion 
in the spinel structure, which leads to a decrease in the lattice constant. 
This finding is significant, indicating that Mn doping introduces a level 
of strain into the lattice without disrupting the spinel structure of the 
NZFO. 

In Fig. 2(b), the architecture of the NZMFO thin film memristor is 
graphically represented, highlighting the memristor’s layered compo
sition and the spinel crystal structure of the doped NZMFO. The sche
matic zooms into the lattice arrangement, where Mnn+ are substituted 
into the spinel framework, depicted by the transition from Fen+ to Mnn+. 
This substitution is engineered to enhance the memristive properties of 
the device by altering the concentration of oxygen vacancies and the 
electronic states within the lattice, while maintaining the spinel struc
ture integrity. 

The XPS results shown in Fig. 3 reveal the valence states of Fe, O, and 

Table 1 
Deposition conditions of the Pt and NZMFO films.   

Pt NZMFO 

Base pressure 1 × 10− 4 Pa 1 × 10− 4 Pa 
Substrate temperature 300 ◦C 600 ◦C 
Oxygen pressure – 0.1 Pa 
Laser conditions 300 mJ, 5 Hz 300 mJ, 5 Hz 
Film thickness ~200 nm ~400 nm 
Mn doping concentration – ~0.10–0.20 at.%  
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Fig. 1. (a) Structural diagram of the thin film memristor, (b) AFM images of the film surface, (c) SEM and EDS images of thin film cross-section, (d) EDS images of the 
film surface. 

Fig. 2. (a) The XRD image of the NZMFO composite film and the comparison of the (113) characteristic peaks at different Mn doping concentrations, (b) The film 
structure of the NZMFO thin film memristor and the NZMFO spinel crystal structure. 
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Mn in the NZFO thin films, providing insights into their bonding states 
and oxygen vacancy presence. Fig. 3(a–c) illustrates the Fe 2p spectra, 
highlighting two iron valence states, Fe2+ and Fe3+. These spectra are 
separated into two distinct peaks: one indicative of Fe2+ and the other 
representing Fe3+ ions across two lattice sites. In the NZMFO films, Fe2+

and Fe3+ exhibit binding energies at 709.9 eV and 711.1 eV, respec
tively, in the Fe 2p3/2 state. For the Fe 2p1/2 state, the peaks corre
sponding to Fe2+ and Fe3+ appear at 723.1 eV and 725.7 eV, 
respectively. 

The appearance of a peak with lower binding energy in the Fe 2p 
spectra implies the existence of reduced ionic states (Fe2+), which could 
contribute to the creation of oxygen vacancies in the NZMFO films. 
Notably, changes in the Fe valence state content are evident when the 
Mn doping concentrations in these films vary. The quantification of 
divalent iron content, determined by the ratio Fe2+/(Fe2++Fe3+), re
veals an increase from 49.6 % to 54.3 %, and then to 55.1 %, with 
increasing Mn doping concentration, suggesting changes in the oxygen 
vacancy content. 

In the analysis of the O 1s spectra for the NZMFO films, presented in 
Fig. 3(d–f), two distinct oxygen environments are identified. The peak at 
the lower binding energy of 529.9 eV is attributed to lattice oxygen, also 
known as structural oxygen. In contrast, the peak observed at a higher 
binding energy of 531.3 eV is indicative of non-lattice oxygen, which 

may be a contributing factor to oxygen vacancy generation within the 
active oxide layer. These non-lattice oxygen ions are likely situated at 
grain boundaries and have the potential to migrate under an applied bias 
voltage, playing a crucial role in the resistive switching (RS) mechanism 
[37]. 

With increasing Mn doping concentration, an increase in the oxygen 
vacancy content is evident in Fig. 3(d–f). At an x value of 0.10, the film 
exhibits both Mn2+ and Mn4+ valence states, with corresponding Mn 
2p3/2 binding energies for Mn2+ and Mn4+ of 639.2 eV and 642.5 eV, 
respectively, and their Mn 2p1/2 XPS peaks located at 648.1 eV and 
650.5 eV, respectively. At lower Mn concentrations, the formation of 
MnO2 is enhanced, favoring the existence of Mn2+ and Mn4+ states. For 
x = 0.15, as illustrated in Fig. 3(h), the film exhibits Mn2+ and Mn3+

states with respective Mn 2p3/2 binding energies of 640.1 eV and 641.5 
eV, and Mn 2p1/2 XPS peaks located at 650.1 eV and 651.8 eV. An 
increased Mn ion concentration results in the formation of Mn2O3, 
thereby leading to the prevalence of Mn2+ and Mn3+ states. Similarly, 
for x = 0.20, as shown in Fig. 3(i), the film predominantly displays Mn2+

and Mn3+ valence states with respective Mn 2p3/2 binding energies of 
640.1 eV and 641.5 eV, and Mn 2p1/2 peaks located at 651.5 eV and 
653.2 eV. At this increased Mn doping concentration, the formation of 
Mn3O4 is suggested, which indicates a general tendency towards the 
Mn2+ and Mn3+ states. 

Fig. 3. XPS diagrams of Fe elements in thin films with different Mn doping concentrations (a) x = 0.10, (b) x = 0.15, (c) x = 0.20, XPS diagrams of O elements in thin 
films with different Mn doping concentrations (d) x = 0.10, (e) x = 0.15, (f) x = 0.20, XPS diagram of Mn elements in thin films doped with different concentrations 
of Mn (g) x = 0.10, (h) x = 0.15, (i) x = 0.20. 
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The detected Mn2+, Mn3+, Mn4+, and Fe2+ ions are believed to affect 
oxygen vacancy formation, as suggested by the fitted peaks at 529.9 eV 
and 531.3 eV, corresponding to lattice and non-lattice oxygen, respec
tively. The non-lattice oxygen, which influences the occurrence of ox
ygen vacancies within the active oxide layer, has the potential to migrate 
when subjected to an applied bias voltage. In films with varying Mn 
doping concentrations, oxygen vacancies (VO/(VO+VL)) are approxi
mately 46.58 %, 62.73 %, 76.42 %, respectively. It is apparent that the 
content of oxygen vacancies is influenced not only by the divalent iron 
content but also by the Mn concentration. 

3.2. Effect of Mn doping on resistance switching characteristics of thin 
film memristors 

The electrical properties of the fabricated Pt/NZMFO/Pt device were 
subjected to testing. During these evaluations, the top electrode was 
subjected to a voltage signal in the form of a triangular wave, as 
exemplified in Fig. 4(d), while the bottom electrode was maintained at 
ground potential. The I–V curves for Pt/NZMFO/Pt devices with varying 
Mn doping concentrations are depicted in Fig. 4(a–c). Limiting the 
current to 10 mA is crucial to preventing device breakdown, followed by 
using DC scanning to transition the memristor from its initial state to 
HRS. 

As illustrated in Fig. 4(a–c), the current-voltage (I–V) test results on 
Pt/NZMFO/Pt thin films unequivocally reveal robust bipolar switching 
characteristics in memristors across three different concentrations. The 
observation of three symmetric I–V curves indicates effective resistive 
switching across all three samples. In each case, the films exhibited 
reversible resistance switching, as denoted by arrows in the figures 
which indicate the direction of voltage scanning. Upon increasing pos
itive voltage, a rapid increase in current was observed at a voltage 
termed Vset, facilitating the device’s transition from a high resistance 
state (HRS) to a low resistance state (LRS) [38,39]. Conversely, the 
application of a negative voltage, known as Vreset, led to a sudden drop in 
current, reverting the device to HRS. As depicted in Fig. 4(e and f), it is 
noteworthy that as the Mnn+ concentration increased, both HRS and LRS 
in the memristors underwent changes, significantly reducing the ratio 

between high and low resistance states, while simultaneously increasing 
the onset voltage. This phenomenon can be attributed to an increase in 
oxygen vacancy generation at the interface, which leads to a decrease in 
the Schottky barrier and subsequently reduces the high/low resistance 
state ratio [40–42]. Upon the application of a positive voltage to the Pt 
top electrode, oxygen atoms within the NZMFO crystal may undergo 
oxidation-reduction reactions at the interface adjacent to the top elec
trode, leading to the formation of oxygen ions. This process results in the 
emergence of oxygen vacancies at the interface with the Pt top electrode. 
Consequently, the creation of these oxygen vacancies at the Pt top 
electrode interface reduces the Schottky barrier potential below that of 
the interface without oxygen vacancies. Furthermore, the substitution of 
Mnn+ for Fen+ in NZMFO is hypothesized to degrade the material’s 
overall ferroelectric properties, resulting in weakened internal polari
zation capabilities, reduced interface polarization charge, and an 
eventual increase in the onset voltage. 

To evaluate the performance of the memristor, tests were conducted 
on the retention and durability of the Pt/NZMFO/Pt device, as illus
trated in Fig. 5. As depicted in Fig. 5(a–c), following the device’s switch 
to HRS or LRS, the sample underwent testing with a readout voltage of 
0.1 V per 1 s, yielding a point diagram that demonstrates the data 
retention of HRS and LRS. The resistance values of HRS and LRS proved 
to be highly stable, with degradation time extending to 104 s, suggesting 
that the device is non-volatile and capable of being read without 
incurring damage. Following the alteration in Mn doping concentration, 
no significant change was observed in its retention, implying that Mn 
doping does not alter the basic structure of the memristor. However, 
with increased concentration, the ratio of high to low resistance states 
decreases markedly. In Fig. 5(d–f), the durability of the resistance 
switching characteristics of Pt/NZMFO/Pt devices was assessed. 
Following 100 DC cycles, stable resistance switching characteristics 
were observed, with minimal fluctuation in the resistance of HRS and 
LRS. Simultaneously, it was clearly evident that the repeatability 
enhanced significantly as the doping concentration increased. The re
sults indicate that the stability of the resistance switching characteristics 
reaches its zenith at a Mn doping concentration of x = 0.20. 

To elucidate the transmission mechanism of RS, a typical double 

Fig. 4. Typical I–V curves of devices with different Mn doping concentrations (a) x = 0.10, (b) x = 0.15, (c) x = 0.20, (d) Triangular wave signal applied to the top 
electrode, (e) The resistance and high-low resistance ratio of each concentration sample at 0.1 V, (f) The turn-on voltage of each concentration sample. 
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logarithmic I–V curve was plotted, as illustrated in Fig. 6(a–c). These 
lines represent the fitting results for each data point. Clearly, irre
spective of the Mn doping concentration in the NZFO film, the I–V curve 
for the LRS state exhibits a linear plot with a slope of approximately 1, 
suggesting that Ohm’s law predominates the conduction mechanism in 
the LRS. However, the I–V characteristic curve of the HRS state in the 
low voltage region also presents linear fitting results, with a slope of 
approximately 1, implying that the low voltage region of the HRS is 
equally governed by Ohm’s law. The behavior in the high voltage region 
exhibits a non-linear relationship, clearly indicating a distinct conduc
tive mechanism. Analysis was conducted using the Schottky emission 
mechanism, Poole-Frenkel emission mechanism, and SCLC mechanism, 
as demonstrated in Fig. 6(g–i). Upon comparing the confidence coeffi
cient (COD) and conducting further analysis, it is revealed that a more 
suitable linear relationship exists between Ln(I) and Sqrt(V), as depicted 
in Fig. 6(d–f), suggesting that Schottky emission predominates as the 

main conduction mechanism in the higher voltage region of HRS [43, 
44]. 

In this study, it is plausible that oxygen vacancies accumulate at the 
grain boundaries of the thin films, with the potential for conductive 
filaments to form around Mn doping sites at these locations. However, 
with increasing doping concentration, the device’s transition from the 
High Resistance State (HRS) to the Low Resistance State (LRS) during 
setting and resetting processes becomes more facile. This phenomenon 
can be attributed to the high Mn content, potentially encouraging oxy
gen vacancy accumulation at the grain boundaries, especially around 
Mn doping sites, thus facilitating conductive filament formation [27, 
45]. An abundance of oxygen vacancies renders the film more conduc
tive, resulting in decreased resistance of the HRS under similar condi
tions and subsequently lowering the high/low resistance state ratio. 
During the transition from LRS to HRS, the excessive generation of Ni0, 
Zn0, and Fe2+ ions may lead to a marked reduction in oxygen vacancies 

Fig. 5. Retention testing of devices with different Mn doping concentrations (a) x = 0.10, (b) x = 0.15, (c) x = 0.20, Repeatability test of devices with different Mn 
doping concentrations (d) x = 0.10, (e) x = 0.15, (f) x = 0.20. 
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Fig. 6. I–V test curves of devices with different Mn doping concentrations at double logarithmic scale (a) x = 0.10, (b) x = 0.15, (c) x = 0.20, And typical Ln (I) and 
Sqrt (V) diagrams (d) the first half of x = 0.15, (e) the second half of x = 0.15, (f) x = 0.20, The fitting curves of three possible conduction mechanisms in the case of 
HRS when x = 0.15, (g) Schottky emission, (h) Poole-Frenkel emission, (i) SCLC mechanism. 

Fig. 7. A schematic diagram of the formation/rupture mechanism of conductive filaments in the HRS and LRS states of the NZMFO memristor during the first cycle.  
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and a decrease in the reset voltage, as illustrated in the I–V curve in 
Fig. 6(d). Consequently, an increase in Mnn+ doping concentration ac
celerates the formation and breakage of conductive filaments, thereby 
enhancing their stability at the formation sites. Additionally, the 
increased Mnn+ doping concentration results in a narrowing of the 
resistive switching window between high and low resistance states, thus 
making the switching process more facile and random. 

To enhance comprehension of the RS characteristics, a schematic 
diagram of the formation and fracture of the conduction path during the 
first cycle of the NZMFO memristor is presented in Fig. 7. Without a bias 
voltage, oxygen vacancies are randomly dispersed throughout NZMFO. 
Upon applying a positive voltage to the Pt top electrode, the oxygen 
vacancies that are generated accumulate near the Pt bottom electrode, 
driven by the electric field, and subsequently expand in a conical fashion 
towards the Pt top electrode to form a local conductive filament [46]. 
Connection of the oxygen vacancy to the top Pt electrode results in the 
formation of a local oxygen vacancy conductive wire, bridging the upper 
and lower electrodes and shifting the device resistance from HRS to LRS, 
marking the Set process. Application of a reverse voltage to the top Pt 
electrode causes the oxygen within this electrode to interact with the 
oxygen vacancies at the interface, driven by the electric field. This 
interaction disrupts the conductive filament, prompting the relocation 
of oxygen vacancies from the bottom to the top Pt electrode, thereby 
transitioning the device from a low-resistance to a high-resistance state, 
culminating in the Reset process [47,48]. Fig. 8 demonstrates that ox
ygen vacancies are preferentially adsorbed around Mnn+ ions. An in
crease in Mn doping concentration leads to a continuous rise in the 
number of oxygen vacancies, a portion of which accumulates near the 
bottom Pt electrode due to the influence of the electric field. The greater 
the number of oxygen vacancies, the more facile the formation of 
conductive filaments, facilitating the transition of the resistance state 
from HRS to LRS. In the Set process, the formation of local conductive 
filaments is facilitated around Mnn+ ions, accompanied by an increase in 
Ni0, Zn0, and Fe2+, which accelerates and stabilizes conductive filament 
formation. During the Reset process, the valence states of Ni0, Zn0, and 
Fe2+ revert to Ni+, Zn2+, and Fe3+, respectively, a transition that is 

expedited by the reduction of oxygen vacancies upon disconnection of 
the conductive filament. Consequently, an increased Mnn+ doping 
concentration hastens the formation and rupture of conductive fila
ments, facilitating the swift transition between high and low resistance 
states and enhancing randomness. 

4. Conclusions 

This study involved the preparation of NZMFO thin films with 
varying concentrations of Mn ion doping using PLD (Pulsed Laser 
Deposition) technology. Structural characterization revealed that Mn 
ion doping does significantly alter the concentration of oxygen va
cancies in the samples. Concurrently, I–V measurements indicated that 
the NZMFO thin film memristor with a Mn substitution level of x = 0.15 
exhibits commendable endurance (100 cycles), superior data retention, 
and stable setting/reset voltages. Research has demonstrated that Mn 
doping is crucial in the generation and distribution of oxygen vacancies, 
with optimal Mn doping enhancing the resistance switching behavior. 
Thus, incorporating an optimal quantity of Mn into the ferrite can 
augment the stability and retention capabilities of the resistance switch. 
It has been established that the performance of memristors can be 
enhanced through metal ion doping, enabling the preparation of high- 
performance thin-film memristors. In light of the evolving applications 
of RRAM devices beyond traditional memory storage, their potential in 
neuromorphic computing systems has garnered significant interest. 
Neuromorphic devices, which mimic neural network architectures, 
require optimized performance characteristics, including inference ca
pabilities, endurance, and data retention, to function effectively. Our 
investigation into Mn-doped NZMFO memristors reveals significant 
implications for these performance metrics. 

Data availability 

The datasets generated during and/or analyzed during the current 
study are available from the corresponding author on request. 

Fig. 8. The mechanism diagram of the effect of different doping concentrations of Mnn+ on the formation of conductive filaments in NZMFO.  
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