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ABSTRACT: Spintronic memristors based on ferromagnetic metal/oxide
heterostructures have recently enabled reversible manipulation of both
magnetic properties and resistive switching (RS), offering promising prospects
for multibit memory and neuromorphic computing. In this study, we investigate
the stochastic nature and relaxation processes of charge dynamics induced by
localized oxygen vacancy (Vo) in AlO,-based magnetic tunnel junctions
(MTJs). We observe that random telegraph noise (RTN) exhibits charge
stochasticity at specific bias voltages in the low resistance state (LRS), reflecting
the competition and transition between charge capture and emission states
against the thermal energy. This behavior reveals that the thermally unstable
charge stochasticity originates from localized traps in the AlO, barrier. In
contrast, the high resistance state (HRS) favors the RTN emission states,

Capture ]

250 300
Time (ms)

Probability (%)

HRS LRS .
® Capture Probability

i~ S | — Sigmoidal Fit
Ny C o oy O 100 °
ey - by RS g 5 L LRS

= SZhmd S s SZ
(&) C (@] @ Capture

AlO Al

32

Emisgion

2

M .
0.2 0.4 0.6

Voltage (V)

indicating the dominance of direct tunneling effects. Through numerical calculations based on the tight-binding (TB) model and
experimental results, we demonstrate that voltage-driven shifts in the V; position within the AlO, barrier, associated with RS, govern
the charge dynamics of the MTJs investigated. These findings provide valuable insights and practical implications for the
development of next-generation devices leveraging charge stochasticity in AlO,-based MT]Js.
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M agnetic tunnel junctions (MTJs), which serve as
memory cells of magnetoresistive Random Access
Memory (MRAM), are widely used due to their fast, energy-
efficient, and nonvolatile data storage capabilities in
information technology, as well as their sensitivity in magnetic
field detection."”” Compared to MRAM, which operates based
on the manipulation of magnetic configurations, the memristor
for resistive random-access memory (RRAM or ReRAM) is
another class of nonvolatile memory that relies on resistive
switching (RS). This mechanism uses electrical control to alter
the oxide state and create the switchable conductive path in the
oxide barrier.”™ Spintronic memristors, which integrate MT]
structures with memristive functionalities, offer comprehensive
control through memristor properties, magnetoresistance, and
spin torque configurations. These devices support multiple
resistance states and hold great promise for revolutionizing
nonvolatile data storage and neuromorphic computing with
vast potential for groundbreaking advancements.”~'° However,
the challenge of downscaling devices remains to be addressed
to enable the stable operation of subnanometer scale
memristors'"'? and interfacial magneto-ionic materials,">™'°
unless an energy barrier is sufficiently high to thermally isolate
the multiresistance states.

Thermally unstable MT]Js with stochastic magnetic config-
uration have recently been successfully proposed for an

© 2025 American Chemical Society

WACS Publications

unconventional neuromorphic computing in the probabilistic-
bit (p-bit).'™"? The similar probabilistic phenomenon has also
been observed in tunnel diodes'” and RS-based memristor
devices.”””" In principle, the central insulating oxide provides
various possible electron transport paths,” including Schottky
emission, Fowler—Nordheim tunneling, and toggling the
charge trapping and detrapping. While RS is widely believed
to originate from the formation and annihilation of conduction
channels through the distribution of oxygen ions (O*7) or
oxygen vacancies (V), directly measuring this process remains
experimentally challenging.

Recent advances in processing technology have led to
significant work on nanoscale devices that have a very small
active volume and contain only a limited number of charge
carriers. This makes it possible to detect the alternating capture
and emission of these carriers at individual trap sites by
measuring the associated random telegraph noise (RTN).**~*’
In our previous studies, RS was observed in ultrathin (1.5 nm)
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AlO,-based MT]Js, where four resistance states can be achieved
by electrical and magnetic field control.”**” We also found that
RTN is sensitive to the spatial distribution and migration of
inherent V, which significantly impacts sgin-dependent
tunneling due to different tunneling Iengths.3 However, at
the subnanometer scale, a detailed understanding of Vg
dynamics and its influence on transport properties remains
elusive unless the exact relaxation process responsible for RTN
states can be identified. To address this, precise control of the
bias voltage in the RS is required to tune the energy
competition between the Vg trap levels and the Fermi level
against thermal energy, thereby enhancing RTN. This
approach could further facilitate the investigation of charge
transport characteristics and determine whether the system
exhibits thermally unstable states, offering considerable
potential for neuromorphic applications.

In this study, we demonstrate thermally unstable charge
stochasticity and voltage-controlled charge dynamics in the
AlO, MT]Js. We have extensively investigated how the
stochastic nature of RTN depends on the bias voltage across
different resistance states. Our results indicate that, in the low
resistance state (LRS), charge capture and emission occur with
stochastic features, while in the high resistance state (HRS),
only charge emission is observed. Additionally, we combined
the localized-trap-induced RTN with the single-band tight-
binding (TB) model to qualitatively explore the voltage-driven
RS as the AlO, layer scales down to subnanometer dimensions.
These findings could pave the way for the design of spintronics
memristors with a stochastic neural functionality.

The I-V characteristics are illustrated in Figure la for the
initial resistance state (IRS), HRS, and LRS. Initially, an
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Figure 1. (a) Bipolar I-V characteristics for three RS states of IRS
(black), HRS (blue), and LRS (red). The upper left and lower right
insets are the schematic and top-view SEM image of the MTJ,
respectively. (b) Power spectral density of the voltage fluctuations
(Sy) for the 1/f noise at +0.672 V and the RTN at +0.375 V in LRS.
(¢, d) Bias voltage dependence of the noise spectra for the LRS and
HRS, respectively.

electroforming process must be performed on the IRS to create
new conducting paths for bipolar RS, which requires opposite
voltage polarities for the ON (SET) and OFF (RESET)
processes.”® The resistance is switched from HRS to LRS with
a SET voltage of +1.1 V and can be returned to the HRS with a
RESET voltage of —1.1 V. Since the nonlinear behavior of the
I-V curve indicates that the charge transport is primarily

governed by the tunneling process, the low frequency noise
measurement was further conducted to identify the micro-
scopic origin of the RS between LRS and HRS. The power
spectral density (Sy) of the voltage fluctuations is shown in
Figure 1b for the 1/f noise at +0.672 V and the RTN at +0.375
V at LRS. The noise spectra of the whole bias voltage for LRS
and HRS are depicted in Figure Ilc,d, respectively. A local-
bump in the LRS noise spectrum indicates the presence of
RTN in the positive bias region (+0.5 V to +0.25 V), while for
HRS, the bump occurs in the negative bias region (—0.5 V to
—0.3 V). Note that all noise signals were collected
simultaneously at each bias voltage.

For the LRS, we clearly observe a two-level RTN at 450,
375, and 316 mV as displayed in Figure 2a—c, respectively. To
investigate the underlying mechanism, we consider a two-level
system with n + 1 and n electrons, where E represents the trap
energy and Ep denotes the Fermi level of the electrode in
metal/oxide/metal sandwich structures. In this model, a donor
trap becomes neutral upon capturing an electron (trapping)
and positively charged when it emits an electron (detrap-
ping).”" Figure 2d shows that, experimentally, the probability
of capture events decreases from 100% to 0% when the bias
voltage drops from 0.6 to 0.2 V, which can be well fitted by a
sigmoidal model. The relaxation time for capture (7)) and
emission (7,) events in RTN can be determined by the Poisson
process,”” ie, P(t) = 7, 'exp(—t/7,). Figure 2e shows the
characteristic time 7, and 7, as a function of bias voltage. A clear
transition between 7, and 7, can be observed in the LRS as the
bias voltage is gradually decreased. Such a stochastic nature in
localized-trap-induced RTN in the LRS may provide new
insights and implications for developing alternative electric-
field-based stochastic MTJs for high-performance p-bit.*’
Notably, in the HRS, RTN is dominated by a 7, between
—0.5 V and —0.3 V, as shown in the left side of Figure 2e,
without the transition between capture and emission. This
behavior is markedly different from that observed in conven-
tional insulating-oxide-based RRAM devices, where RTN is
predominantly found in the HRS and rarely in the LRS.***"**
In our system, RTN is observed in both HRS and LRS,
although they exhibit distinct behaviors. We believe that these
differences in noise characteristics stem from the varying trap
distributions in HRS and LRS, particularly within the ultrathin
AlO, tunneling barrier. The free electrons become highly
sensitive in their transport due to the presence of distinct trap
sites, and the tunneling effect is significantly influenced by the
localized distribution of these traps.

The relationship between the energy level Er and Eg can be
further clarified by examining the logarithm of the ratio of 7_ to
~ 34,35

)

In(/7) = L o
B

where Ep represents the Fermi energy of the electrode, kg is the
Boltzmann constant, and T denotes the temperature. To gain a
deeper understanding of the underlying mechanisms, we first
consider an electron that is trapped at an energy (Er), located

at a trap depth (Z1),”*
} )
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Figure 2. Time resolved RTN signals in the LRS at (a) 450 mV, (b) 375 mV, and (c) 316 mV, where blue and red dots represent capture and
emission states, respectively. (d) Voltage dependence of the probability and a sigmoidal fitting of the capture event in the LRS. The inset represents
the energy profile between the capture and emission events. (e) Time constant and (f) the logarithmic ratio of capture and emission time constants
as a function of bias voltage. The HRS and LRS are denoted by circular and triangular symbols, respectively.

where ¢, denotes the difference between the work function of
the electrode and the electron affinity of the oxide, E is the
conduction band minimum of the oxide, g is the electron
charge, d is the thickness of the oxide layer, and V}, is the bias
voltage. Based on the voltage dependence of In(7/7), as
displayed in Figure 2f for both the HRS and LRS, both Z; and
Er can be directly extracted from eqs 2 and 1 for linear fitting,
where Z; is determined by the direction of the injected
electron under the applied bias potential. For the HRS (—0.5 V
to —0.3 V), we find a fitted Zr(rs) = 0.279 nm relative to the
top CoFe electrode and Errg) = 0.01 eV relative to E = 0.0
eV. As for the LRS (+0.5 V to + 0.25 V), the fitting yields
Zrars) = 0.834 nm relative to the bottom NiFe/CoFe
electrode and Epqgg) = — 0.214 eV. These parameters, fitted
through RTN analysis, are summarized in the schematics of the
energy band diagram and bipolar resistance state switching
depicted in Figure 3a,b, respectively.

Intuitively, one might think that a smaller (or larger) RTN-
fitted effective Er would assist the trap-mediated tunneling
process more (or less), leading to a corresponding lower (or
higher) resistance in the LRS (or HRS). However, the RTN-
fitted Z’s suggest a very different positioning of the trap states
within the AlO,, barrier, which also strongly influences charge
transport. To verify the competition between these two factors,
we next utilize the spin-polarized single-band tight-binding
(TB) model’® to examine the voltage dependence of
magnetoresistance (MR) in the IRS, HRS, and LRS and to
compare these findings with experimental data, as illustrated in
Figure 4.

To model the ultrathin AlO,-based MT]Js, we consider an
insulating barrier (B), composed of seven atomic layers (Ng;
where i = 1—7) with barrier heights (®g; where i = 1-7),
sandwiched by two semi-infinite ferromagnetic (FM) electro-
des. Here i = 1 (7) refers to the insulating layer adjacent to the
bottom (top) FM electrode. Based on the RTN-fitted Z;’s and
Er’s, the barrier heights for all three cases are detailed in Table
1. The spin-polarized onsite energies of the FM electrodes are
given as €' = 12 eV and €' = 2.0 eV, with the nearest-
neighboring hopping energy of £ = —0.4 eV for the whole FM/
B/EM device. Our self-developed “JunPy+TB” package’” is
further employed to calculate the current density via the
Landauer formula,

HRS LRS
E1TMnm T 11
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Er NiFe NiF L
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Figure 3. (a) Diagram of the energy band in the HRS and LRS, where
the Fermi energy is Ez = 0.0 eV. (b) Schematics of the bipolar RS
mechanism. The AlO, barrier, consisting of seven atomic layers, as
illustrated by the light yellow regions with dashed lines, is adopted for
TB simulation.

h o f [f.(E = eV) — f, (E)IT(E, k) dE dk; “

where Qp; represents the volume of the Brillouin zone, fy,)
denotes the Fermi—Dirac distribution function of the top
(bottom) FM electrode, and 7 is the transmission coefficient
obtained by solving the nonequilibrium Green’s function
(NEGF) method.*®

The TB-calculated I-V curves for IRS, HRS, and LRS are
presented in Figure 4a. We also compare the TB-calculated
MR, defined as (Rup — Rp)/Rp X 100%, along with the
resistance ratios for the parallel (P) and antiparallel (AP)
magnetic configurations, with experimental data under a bias
voltage of 40 mV, as shown in Figure 4b and its inset. Here,
Ry 4p represents the resistance in the P and AP magnetic states
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Figure 4. (a) TB-calculated I-V characteristics for IRS, HRS, and
LRS. (b) Comparison of magnetoresistance (MR) ratio between
experimental measurement (Exp.) and TB calculation under a bias
voltage at 40 mV. The inset shows the magnetic field dependence of
the measured MR ratio at 40 mV.

Table 1. Barrier Heights of Insulating Barrier Used in the
TB Model for IRS, HRS, and LRS Cases, where @y in HRS
and @y, in LRS Are Estimated by the Ratio of RTN-Fitted
Z; (HRS,LRS) to the Thickness of AlO, (1.5 nm)“

d)Bl <I)BZ CI)BS (I)B4 <I)BS q)Bé q)B7

IRS 15 LS 15 15 15 15 1.5
HRS 1S LS 1.5 1S 1.5 0.01 LS
LRS 15 LS 15 -0.21 15 15 LS

“Here, the energy unit is eV.

of MT]Js, respectively. Notably, the excellent agreement
between the TB calculations and the experimental results
confirms the presence of three resistive states and suggests that
the location of the trap states plays a crucial role in controlling
the RS, especially in ultrathin AlO,-based MTJs. In contrast to
other oxide barriers, such as MgO, ZnO, CoO, NiO, and HfO,,
which rely on the formation of conductive filaments for
memristive behavior and typically exhibit a minimal magnetic
response in the LRS,””~** our AlO, MTJs show a migration of
localized trap sites that significantly promote the MR in LRS.
This finding indicates that the MTJ studied does not conform
to the conventional conductive filament type of RS but,
instead, relies on the migration of interface ions/vacancies to
modulate the RS-based tunneling magnetoresistance (TMR).

So far, we have successfully employed the TB model to
validate our analysis of localized-trap-induced RTN. The
crucial question now is: What are the traps present in the
ultrathin AlO,2 Based on Figure 3a,b, it is evident that the
direction of trap movement is affected by the attraction toward
the negative electrode of the MT]Js in bipolar RS states. This
behavior suggests that the traps are likely associated with
positively charged Vj states. In the HRS, the V state with
positive and smaller E; values is situated close to the top
electrode. Conversely, in the LRS, the V|, states with negative
and larger E; are found at the center of the AlO, layer.
Notably, the information about the traps obtained through
RTN analysis is consistent with the results from spin-
dependent magneto-transport, as depicted in Figure 2e and

Figure 4b. In the HRS, free electrons can often disregard the
V), state located at the top interface as emission events tend to
dominate. This gives rise to a greater number of emission
events and favors direct tunneling, thereby leading to a higher
MR. In contrast, the LRS, which is characterized by transition
between capture and emission processes, results in a lower MR.
We propose that the V can be regarded as the trap medium
during the tunneling process, which also explains the RTN
observed in the ultrathin AlO, barrier. From an energy
perspective, E in the HRS lies near Eg at zero bias voltage,
offering less tunability to control the transition between
capture and emission states via bias voltage. However, when
the localized V, state migrates to the central region of AlO, in
the LRS, the negative Ey(1rs) at —0.214 €V can be considered
as a quantum-well state below Ep. When a bias voltage is
applied between +0.2 V and +0.6 V, the difference between E
and Eg, Er — Ey, can be adjusted to near or below the thermal
energy (kgT of ~2S meV), according to eq 2. This condition
allows thermal energy to disrupt the stability of capture and
emission states, leading to stochastic behavior that can be
effectively modeled by a sigmoidal function. As a result, RTN
is crucial for detecting stochastic charge transport dynamics,
allowing us to probe the location and relative energy alignment
of Vo with respect to the electrode, since the presence of Vg
states also significantly affects the spin-dependent tunneling in
the ultrathin AlO, layer.

In conclusion, our study reveals that RTN in ultrathin AlO,-
based MT]Js is caused by localized traps positioned at various
subnanometer locations in both HRS and LRS. In particular,
we identify that the thermally unstable stochastic behavior
arises from the transition between capture and emission events
in the LRS. This distinct configuration is attributed to
stochastic charge dynamics linked to a centrally localized V,
state in ultrathin AIO, MT]Js. The “JunPy+TB” simulation,
which employs RTN-fitted parameters for trap positions,
shows strong agreement between the TB results and
experimental measurements in MR. We demonstrate that a
voltage-driven migration of Vi within the AlO, barrier is
associated with RS, leading to spin-dependent tunneling
through different trap-mediated pathways for each resistive
state. Our work opens new avenues for new design of
neuromorphic and in-memory computing, highlighting the
significant potential for applications in spintronic memristor
devices.

The MT]J structure of NiFe (15 nm)/CoFe (25 nm)/AlO,
(1.5 nm)/CoFe (30 nm) was deposited on a glass substrate
using dc/ac magnetron sputtering at room temperature with a
base pressure of 1 X 107° Torr. All metallic layers were
deposited by DC sputtering at a working argon pressure of 5 X
1 X 10~% Torr. The top CoFe and bottom CoFe/NiFe
electrodes were patterned in a cross-bar configuration,
featuring a junction area of 150 X 150 um? as illustrated in
the lower right inset of Figure la. The top electrode functions
as the hard magnetic layer, while the bottom electrode serves
as the soft magnetic layer. The preparation of the AlO,
junction layer involved a two-step oxidation process of the
Al layer. The first step included natural oxidation, where O, gas
was maintained at a pressure of 200 X 107> Torr in the
chamber. This was followed by a plasma oxidation step, during
which an AC power of 100 W was applied to the sputtering
gun for Al,O; deposition. During this phase, the sample shutter
remained closed for S min and then opened for an oxidation
period of 30 s. For the I-V curves with different oxidation
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times, please refer to the Supporting Information. To conduct
the magneto-transport measurements, the I—V characteristic
curve and MR effect were measured with a four-point setup.
The external magnetic field was applied along the soft FM
layer, and the bottom FM electrode was grounded. The voltage
was generated by a Keithley 2400 source meter, and the
voltage across the MTJ was measured by a DT322 DAQ
Board. A homemade preamplifier (based on INAII1
instrumental amplifiers) and two Stanford Research System
SR 560 low noise voltage amplifiers were used to perform the
DC voltage noise measurements. The output signal was sent to
a Stanford Research System SR 780 spectrum analyzer for
noise analysis. More detailed information about the exper-
imental setup can be found in our previous works.”*~*
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