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Fluctuations are ubiquitous in magnetic materials and can cause random telegraph noise.
Such noise is of potential use in systems such as spiking neuron devices, random number
generators, and probability bits. Here we report electrically tunable magnetic fluctuations
and random telegraph noise in multilayered vanadium-doped tungsten diselenide (WSe2).
We use vertical tunneling heterostructure devices composed of graphene/vanadium-doped-
WSez/graphene and magnetoresistance measurements. We identify bistable magnetic states
through discrete Gaussian peaks in the random telegraph noise histogram and the 1/f2
features of the noise power spectrum. Three categories of fluctuations are detected: small
resistance fluctuations at high temperatures due to intralayer coupling between magnetic
domains; large resistance changes over a wide range of temperatures; and persistent large
resistance changes at low temperatures due to magnetic interlayer coupling. We also show
that the bistable state and the cut-off frequency of the random telegraph noise can be

modulated with an electric field.
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Random telegraph noise (RTN) in semiconductor devices is typically caused by two-state defects
and can be used as a diagnosis and prediction tool to investigate device reliability . The spike-
like nature of RTN, which is similar to the stochastic activity of neuronal circuits in the brain, is
also of use in applications such as random number generator, neuromorphic computing, and neural
networks>*. Furthermore, recent work has shown that the RTN in devices such as thermally
unstable magnetic tunnelling junctions can be controlled and could be used as probability bits for
computing”.

RTN has also been observed in numerous quantum states'%!2

, particularly at the critical transition
point of magnetic materials'>!#, At the transition point, these magnetic fluctuations become most
readily apparent and can be detected with various techniques'> including electrical measurements,
where RTN generates resistance variances with an amplitude of around 0.1%'3. Magnetic
fluctuations should be inherently stronger and easier to control through external forces in two-

16-18 In

dimensional (2D) magnetic materials than in their three-dimensional (3D) counterparts
the 2D van der Waals (vdW) material chromium tribromide (CrBr3), magnetic fluctuations have
been measured using the magneto-optic Kerr effect!’. These fluctuations though appear over a

narrow range of transition temperatures centered around 22 K and have not been measured via

electrical means.

In this Article, we report magnetic fluctuations and RTN in a layered vdW semiconductor with a
magnetic dopant: vanadium-doped tungsten diselenide (V-WSe2)!”. We use vertical tunnel
junctions composed of graphene/V-WSeo/graphene, and resistance measurements across the
devices show high-amplitude RTN of up to 40% between well-defined bistable states. Discrete

Gaussian peaks in the RTN histogram and 1/f features in the noise power spectrum confirm the
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bistable magnetic states in our system. The amplitude and RTN cut-off frequency can be tuned

using magnetic fields, electric fields, and temperature.

Magnetoresistance characterisation

Our vertical heterostructure consisting of multilayered V-doped WSe> (0.1% V) sandwiched
between two graphene layers (Fig. 1a). Figure 1b shows typical resistance changes with
temperature of the device after zero-field cooling (ZFC) and field cooling (FC) at 1 T. In the high
temperature region (region I), the resistance increases as the temperature decreases, typical of
semiconductors. Below a temperature 140 K (region II), the resistance rapidly drops and large
fluctuations are observed. The resistance increases again at temperatures below 70 K (region III).
The resistance derivative shows that magnetic fluctuations persist over a wide range of
temperatures. The largest fluctuations are observed in region II, which ranges from room
temperature down to 2K, regardless of FC or ZFC condition. Magnetoresistance hysteresis and
ferromagnetic order has been reported in V-doped WSe> multilayers as well as monolayers'®2!.
Interlayer magnetic coupling is considered to be weak at high temperatures and the magnetic order
persists due to the intralayer coupling. The coexistence of intralayer and interlayer magnetic
couplings may induce anomalous resistance changes and the giant fluctuations observed in our
experiment.

We find the resistance fluctuation in our devices is dominated by two-state fluctuation, exhibiting
RTN. Figure 1c¢ shows the time evolution of resistance change for noise characteristics at 2 K.
Characteristics of RTN are clearly visible under ZFC conditions, and manifest with two discrete
states under FC conditions. The RTN amplitude is around ~5% after ZFC and is greatly enhanced

to as large as ~30% after FC. Since there is no applied magnetic field during both RTN

measurements, the sizable effect of RTN signals after FC (magnetic cooling with magnetic field)
4
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indicates that the RTN originates from magnetic fluctuations in the V-doped WSe; layers rather
than defects. These unexpectedly high noise amplitudes are in striking contrast with the amplitudes
of < 0.1% seen in 3D magnetic materials such as lateral magnetic thin films (e.g., GaMnAs and
Cr)!32223 This giant RTN is correlated with the giant magnetoresistance (GMR) of vdW magnetic

24-27

layers®* '/, which 1is likewise observed in a magnetic tunneling junction (MTJ) of

CoFeB/MgO/CoFeB heterostructures’.

In conventional MTJ for memory, the formation of two stable magnetic states (e.g., antiparallel
(AP) and parallel (P) states) between two magnetic layers produce low and high resistance states.
The barrier of these two states is high enough to retain one stable state to persist for a long time.
Meanwhile, the RTN appears when the switching barrier height between P and AP states is low in
a stochastic MTJ by replacing the stable free magnetic layer by unstable or metastable magnetic
layers (e.g., reducing the thickness of magnetic layer)”®. In our device, V-doped WSe: layers and
van der Waals gaps are considered as magnetic layers and non-magnetic spacer, similar to MTJ?*
30, which plays a key role in producing large RTN, with a partial contribution from the reduced
dimensionality'>!7. This is analogous to the GMR observed in layered Crl; systems with a similar
vertical device structure under a magnetic field>**?’. Since the vanadium atoms are randomly
distributed in the WSe; lattice, the observed giant RTN cannot be attributed to the presence of
isolated aggregated magnetic dopants that happen in GaMnAs?’. Such RTNs were consistently
observed in a variety of V-doped WSe: devices (Supplementary Information Fig. 1), although the
amplitudes differed slightly. WSe> layers without magnetic dopant showed low levels of random
noises without distinctive RTN characteristics, and these were caused by intrinsic defects in the

WSe; (Supplementary Information Fig. 2).
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The RTN of magnetic fluctuation only appears for the unstable or metastable magnetic states (e.g.,
superparamagnetic) to reduce the switching barrier height between P and AP couplings’?.
Therefore, the stable magnetic orders should be modified to transform to metastable/unstable
magnetic orders. Although the V-doped WSe> monolayer with 0.1%V grown by chemical vapor
deposition has demonstrated the Curie temperature (7¢c) at ~330 K with the strongest signal of
magnetic domains at 0.3% V- doped WSe: from material point of view'’, we investigate magnetic
properties of the MTJ devices at different V-doping concentrations by measuring the
magnetoresistance.

Figure 2 shows out-of-plane and in-plane magnetoresistance (MR) of 0.1%, 0.3%, and 0.5% V-
doped WSe> at 300 K with similar thicknesses of ~ 2 nm. We define MR(%)=[R(B)-
R(0)]x100/R(0), out-of-plane MR hysteresis appears at 0.3% V and 0.5% V samples, clearly
confirmed by AR (the resistance difference for forward (FW) and backward (BW) magnetic field,
are defined as ARrw(B) = [Rrw(B)-Rew(-B)]/[Rrw(B)+Rew(-B)] and ARgw(B) = [Rew(B)-Rrw(-
B)]/ [Rew(B)+Rrw (-B)], respectively), although such hysteresis is obscured at 0.1% V sample.
The Rrw(B)-Rew(-B) should be zero in general for an ideal butterfly MR curve®'*2. The ideal
butterfly MR curve is symmetrical with +B and -B field in lateral device, which is usually observed
with perpendicular B-magnetic field. Nevertheless, this symmetrical butterfly MR (Ry) curve is
not always observed in some ferromagnetic semiconductors (e.g., Cr2Ge2Tee)**. In contrast to
lateral device, our vertical device shows the additional asymmetric signal with B-field (e.g., the
resistance at negative B is different from that at positive B). Consequently, the asymmetrical MR
hysteresis is manifested. The MR hysteresis is dominant up to 350 K at 0.3% V-doped WSe> with

different bias (Fig. 2b), indicating that the Curie temperature is higher than 350 K, similar to
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previous report!®. In contrast, the MR hysteresis at 0.1% V is negligible and indicates the unstable
or metastable magnetic order in 0.1% V-doped WSe>, as evidenced by the strengthened RTN
signals after FC. It explains the RTN appears solely in 0.1% V-doped devices, consistent with the
barrier reduction between magnetic states’. Meanwhile, the RTN signals are suppressed at high
doping concentrations (0.3 and 0.5% V) due to established stable ferromagnetic order
(Supplementary Information Fig. 3). Temperature-dependent in-plane and out-of-plane MR
hysteresis clearly indicate easy-axis in-plane anisotropic magnetic order (Extended Data Figs. 1,
2).

We next assess the reliability of the time evolution of resistance change and the corresponding
RTN signal after ZFC and FC at Vpc =0.85 V and T =2 K (Fig. 3a). We defined the normalized
resistance change ARnorm(%) = [(Ru-RL)/RL]100, Ry and Rp are resistance of high and low
resistance states. The RTN signal is small with a negligible normalized jump (< 2%) but still
persistent under ZFC. However, after FC at 0.1 T, ARnom, increases to as large as ~5%. The
histogram of the accumulated number of resistance changes clearly exhibits two discernable peaks
These peaks become more predominant after FC at higher magnetic fields together with more
discretized time intervals. With the FC at 5 T, a large value of ARnorm up to ~83% became apparent.
We further measured RTN signals after FC with out-of-plane and in-plane magnetic fields of 1 T
(Extended Data Fig. 3). The in-plane magnetization follows easy axis, leading to stronger magnetic
fluctuations when applying an in-plane magnetic field during cooling process. The hard-axis out-
of-plane RTN ARnom is much larger by ~11% due to high activation barrier height than in easy-
axis in-plane field RTN signal by ~2%.

We further analyze RTN signal based on the corresponding noise power spectrum density (PSD,

Sg(f)) (Fig. 3b and Supplementary Information Fig. 4). The PSD under ZFC exhibited a flicker
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noise (Sg(f) x 1/f, as shown in the left panel of Figure 3b, where f denotes the observed

frequency. Meanwhile, the PSD under FC was well-fitted by the Lorentzian shape in the right

1

panel, (Sg(f) = S, ((—f)z « 1/f?, where fc denotes the cut-off frequency and Sy represents the
1+(-=
fc )

noise plateau of Sr(f) for f < f¢. A 1/f* feature with two discrete groups of energy levels under
magnetic field was evidenced by two magnetic metastable states with a potential barrier. In our
case, the time constant of high- and low-resistance levels can be extracted by collecting the number
of data points in each duration time (right panel of Fig. 3b). For example, the analysis data for the
RTN under FC of 0.1 T (the second panel of Fig. 3a) manifests the exponential relation between
number of counts and duration time (oc exp(—#/7), where 7 denotes time constant for high or low
state). The obtained average mhigh and 7iow are 1.69 s and 0.155 s with a cut-off frequency fc (=
1/(2n-7)=1.12 Hz, where 1/7 = 1/mign + 1/ 11ow), which is consistent with fc (= 1.27 Hz) determined
from the PSD ( Fig.3b, middle panel). We note that the extracted time constant of high- and low-
resistance levels were well fitted to the exponential function regardless of temperature, bias, and
ZFC/FC conditions (Supplementary Information Fig. 5). The determined cut-off frequency of the
PSD under FC was reduced as the magnetic field increased (Fig. 3c). The activation energy Fa, fc
= fo exp (-Eo/ksT), where kg is the Boltzmann constant and 7 is temperature?, was proportional to
the magnetic field (e.g., AE, is ~3 meV as the magnetic field increases from 0.1 to 5 T), again
confirming the presence of multiple magnetic states (Supplementary Information Fig. 4).

Such modulation of barrier energy after FC can be rationalized by a simple model for the
formation of metastable magnetic states (Fig. 3d). After ZFC, the magnitude of noise with a single
Gaussian histogram implies no discrete states, with equally probable E, (Fig. 3d, top panel). After

FC with different magnetic field (Fig. 3d, lower panel), the two discrete states emerge with a single
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activation barrier (E,’), which is confirmed by the presence of two-peak histograms. The activation
barrier height is dependent on the magnetic field strength. The two discrete groups of energy states
can be understood by the two magnetic states: parallel and antiparallel configurations of magnetic
domains between V-doped WSe> magnetic layers, resembling the magnetic fluctuations in
CoFeB/Mgo/CoFeB’. After FC with low magnetic field (e.g., 0.01 T), the two magnetic states are
not visible, with a small barrier height. In contrast, the activation barrier height is too high after
FC with a high magnetic field of 10 T, which reduces the transition rate (Supplementary

Information Fig. 6).

We further investigated the temperature-dependent time evolution of resistance changes and the
corresponding RTN characteristics after FC process (Fig. 4, Extended Data Fig. 4, and
Supplementary Information Figs. 7-9 for full data). Above 140 K (for example, at 180K), we
observed a small 4Rqorm With a broad histogram. The Gaussian histogram of accumulated number
of resistances reveals two peaks, one of which is slightly asymmetric, as supported by the
deconvoluted curves (Fig. 4a, top panel). This strongly implies the fluctuation of multiple
magnetic states together with persistent RTN from defects (e.g., additional small resistance change
below ~1%), in which we also observed in pure WSe; layers (Supplementary Information Fig. 2).
This is again supported by the presence of two 1/f? curves with two characteristic cut-off
frequencies (Fig. 4b, top). At an intermediate temperature range of 70-140 K, additional giant
RTN resistance changes appear (as high as ~30%) with two prevalent peaks, which are congruent
with a single 1/f? curve. These giant RTN changes are clearly measurable, well contrasted with
the high-frequency RTNs that occur at high temperatures. Other giant RTN resistance changes
(>40%) can be readily observed along with multiple other RTN changes at low temperatures (< 70

K), implying fluctuation of multiple magnetic states.

9
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Since there are several 4Rnoms due to the presence of multiple fluctuations of magnetic states, we
collected all possible ARnomS, Where 4Rqorm 1S obtained from the two histogram peaks (Fig. 4c).
We classified the resistance changes into three distinct categories in terms of |ARnorm| strength:
small (~1%), intermediate (1% < |4Rnorm| <10%), and giant (> 20%). We observed small |4Rnorm|
over the entire temperature range, which is typical for defective bulk materials®. Intermediate
|4Rnorm| also occur over a wide range of temperatures, in which we attributed to intralayer coupling
due to magnetic domain-domain interaction between parallel and antiparallel alignments (Fig. 4d,
top). Giant |4Rnorm| appeared at temperatures below 140 K and became smaller due to thermal
fluctuation of the spins, which were a consequence of interlayer magnetic coupling. The polarity
of the ARnorm (Fig. 4c¢, inset) confirms the clear transition of magnetic fluctuations near ~70 K,
which is in good agreement with the temperature-associated resistance change shown in Figure
1b. We note that the amplitudes of the noise power spectra for cut-off frequencies of f.> resembles
those observed for |4Rnom|, although the magnetic transition was less clearly defined (Fig. 4e).
This observation is analogous to the magnetic phase transitions seen in magnetic thin films'3. It is
worth mentioning that interlayer and intralayer magnetic interactions are also discernable in
multilayer CrBr3, although its phase transition temperature range is narrow from 21.4 -22.8 K7,
In our V-doped WSe», we observed a wide range of transition temperatures, from 70—140 K.

Finally, we demonstrated functional magnetic devices in which we could tune inherent magnetic
fluctuations by applying biases. The electric field and/or electrical current modulates the magnetic
fluctuations of the junction device by varying biases (Fig. 5a). At low bias, the electric field
prevails and introduces additional energy for metastable states through the magnetoelectric
effect.?’ In contrast, current injection becomes dominant at high bias and hence induces spin-

transfer torque between magnetic layers’. We first demonstrate a unique characteristic of

10



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

switching P and AP states using the bias. The RTN signals are measured at -0.8 V and 0.8 V after
FC (out-of-plane magnetic field of 5 T) (Fig. Sb). The high resistance state appears at -0.8 V
equivalent to antiparallel state, whereas the low resistance state emerges at 0.8 V equivalent to
parallel state. This clearly features the switching between P and AP states with reversed biases.
The remanent magnetization is generated during FC process formation of asymmetric states
appears after FC, which may originate from the relative with respect to current flow in V-doped
WSe,. We note that this characteristic was not observed after ZFC due to their random remanent
magnetization. Our device manifests a unique characteristic of switching P and AP states using

bias, equivalent to combination of a unipolar RTN device CMOS circuit’.

The dynamic range of resistances with varying biases is quite wide (Fig. 5¢). Furthermore, [-V
characteristics show the nonlinear behavior (Supplementary Information Fig. 10). Consequently,
it shows rapid resistance change near nonlinear region (Fig. 5c). Therefore, designing peripheral
circuitry that is able to adapt to the bias-dependent resistance ranges of each device could be a
difficult task. In our case, the channel resistance was dropped by reducing the layer thickness. We
fabricated another device (device 7) with thinner layers, d = 2 nm (Supplementary Information
Fig. 11). The resistance was significantly dropped to ~kQ range and more importantly, the
resistance range was slowly modulated with varying biases (Extended Data Fig. 5). Despite small
amplitudes of RTNs, we clearly modulate the number of jumps, which is suitable for device

applications.

Furthermore, the speed of the RTN signals can be also modulated by biases. At a low bias of -0.7
V, the stochastic signals are negligible, with large resistance of a few GQ due to insufficient current
injection. Meanwhile, RTN fluctuations emerge at -0.75 V, with a small number of jumps with a

slow cut-off frequency of 0.08 Hz (Fig. Sc, d). This indicates that the number of jumps increases
11
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due to current injection. The number of jumps increases further to ~10 Hz as the bias rises, until
the magnetic fluctuations become nearly stabilized at a high bias of -1.0 V due to spin-transfer
torque (STT) saturation. We observed similar behavior in the positive polarity (Extended Data Fig.
6). We were also able to observe modulation of the number of jumps in another, identically
designed device at 120 K (Extended Data Fig. 7). The time scale of our RTN device is slow in an
order of milliseconds, still premature to reach high speed device. There is a tradeoff between cut-
off frequency and amplitude of the RTN signal. For example, after FC at a reasonable magnetic
field induces stable large RTN (Extended Data Fig. 8) whereas after FC at a high magnetic field,
RTN signals were suppressed due to stabilized magnetic order (Supplementary Information Fig.
6). This suggests the magnitude of magnetic field cooling needs to be optimized with several other
conditions. The time scale could be improved using several strategies such as V doping

concentration, co-doping, surface functionalization, thickness, and gating.

So far, we clearly observed bistable magnetic states (e.g., parallel (P) and antiparallel (AP) states)
between low and high resistance states. To further rationalize the underlying mechanism of two
resistance states in V-doped WSe, multilayer, we introduce spin-transfer torque via magnetic
bilayers separated by nonmagnet layer (Supplementary Information Fig. 12a)°. The magnetization
of free ferromagnetic layer (F2) can be switched parallel and antiparallel to the fixed ferromagnetic
layer (F1). When electrons flow from F1 to F2, the spin momentum of the F1 will transfer to F2,
switching the magnetization of F2 parallel to the magnetization of F1. In contrast, when electrons
flow in opposite direction through F2, they reach F1 and reflect to F2. The reflected electrons
contain the spin momentum opposite sign to that of F1, which can be switching magnetization of
F2 antiparallel to the magnetization of F1. Consequently, the resistance can be switched between

parallel configuration with small resistance to antiparallel configuration with large resistance. The
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switching states in our vertical devices can be understood by a simple model of two STT devices
with a common fixed magnetic layer (Supplementary Information Fig. 12b). In our device, there
will be a charge transfer from graphene to p-doped V-WSe: layer to act as Schottky barrier®®. The
top V-doped WSe; layer is directly in contact with graphene layers, whereas the bottom V-doped
WSe; layer is in contact with bottom graphene layers on SiO»/Si substrate. This will yield
asymmetric barrier height. The V-doped WSe; layers in our device are multilayered with typically
~5 nm or equivalently 5~7 layers. The spin magnetization in inner layers remain fixed, whereas
the top and bottom surfaces are considered as free layers (or weak magnetization) and van der
Waals gap is considered as a nonmagnet layer (Supplementary Information Fig. 12b). Similarly,
the current direction can switch the magnetization of the top and bottom V-doped WSe; layers,
i.e., low resistance (parallel) and high resistance (antiparallel), as demonstrated in Fig. 5b with

positive and negative bias.

We demonstrate another application to random number generator using RTN bitmap with time-
dependent resistance changes of last panel in Fig. S¢ (Extended Data Fig. 9). The time-evolution
resistance data stream (4k bits = 2'%) measured at 2K after ZFC (Extended Data Fig. 9a) was
arranged by 64 x 64 matrices to visualize high feasibility for random number generator (Extended
Data Fig. 9b top panel). The absence of repeating patterns and blocks in Extended Data Fig. 9b
clearly indicates high fidelity as a random number generator. Additionally, we digitized the bitmap
image to clearly visualize high- and low-state of our RTN data stream (Extended Data Fig. 9b
bottom panel). Since the insufficient number of data stream of our RTNs with unbalanced portion
of high- and low-state, an ununiform distribution of white and black block can be seen in this

figure. This limitation could be further tailored by electrical bias or operation temperature with a
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long data acquisition time. To rationalize this approach clearly, the RTN stream data were
numerically stacked by 10 times (2!2 x 10 = 40k bits, Extended Data Fig. 9c). Despite possible
appearance of specific pattern driven by the stacking procedure, the generated bitmap image

demonstrates the pseudo randomness without a noticeable pattern.
Conclusions

We have reported tunable magnetic fluctuations in heterostructured vdW magnetic

semiconductor devices. The degree of magnetic order depends on several parameters including

ZFC or FC at different magnetic fields, V-doping concentration, and temperature—Eerexample;

and—SupplementarytnformationFig—13). For example, a bistable state is observed at room

temperature after ZFC initialization for devices with a vanadium doping concentration of 0.1%,
whereas the bistable state is diminished after FC (0.1 T) under the same conditions (Extended Data
Fig. 10 and Supplementary Information Fig. 13). The RTN signal appears at low vanadium doping

concentrations of 0.1%V and disappears at high vanadium doping concentration above 0.3% due
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The RTN signals is dependent on magnetic domains, and since the size of magnetic domains is

on the nanometre scale for unstable magnetic states (such as superparamagnetic state>’), we expect
that the device size can be reduced down to around 10 nm without compromising the RTN signal.
We measured RTN in devices with lateral dimensions of around 10 x 5 pm? and 1 x 1 um?
(Extended Data Fig. 10). The RTN signals associated with the magnetic fluctuations could be
tuned using electrical biases, magnetic field, and temperature. We also identified transitions that
correlate with the relative strength between interlayer and intralayer magnetic coupling strength,
which could lead to the possibility of tuning the magnetic behaviour via the number of layers,
stacking sequence, strain, and the application of external biases. Our observation of tunable
resistance fluctuations with a small activation energy could be of use in the development of low-

power electronics.
Methods

Single crystals of WSe> and V-doped WSe> were synthesized by the chemical vapor transport
method with two steps. High-purity V (99.99%), W (99.999%), and Se (99.998%) powders (all
from Sigma-Aldrich) were mixed at the desired concentration and pelletized, followed by
annealing at 950 °C for 24 h. lodine was then slowly added as a transport agent for the crystal
growth step, as described in detail elsewhere?!. The real V concentration (VxWi.xSez) revealing

RTNs signal was 0.1%. The Gr/V-WSe,/Gr vertical device was fabricated by the dry transfer
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technique. The bottom graphene (Grgr) was directly exfoliated onto a SiO, substrate. Thickness
of V-doped WSe> layer were measured by AFM 5000 II system (2~8 nm) (Supplementary
Information Fig. 11), top graphene (Grr) flakes were exfoliated using polydimethylsiloxane
(PDMS) and stacked onto the Gt by the dry transfer method. The thickness of graphene layers is
around 2~5 nm. The lateral size of devices is approximately 10x5 pm? The electrical
characteristics of the heterostructures were assessed using a physical property measurement system
(PPMS, Quantum Design) with an internal electrical transport option (ETO) module and an
external Keithley 4200 system. Time-evolution RTN of resistance (R = V/I) was collected by
applying the DC voltage (V) and measuring the current (I) using the Keithley 4200 with a current
amplifier with a time interval of 1 ms. ZFC/FC R-T and magnetoresistance curves were obtained
by applying AC voltage and measuring the AC current response with a current amplifier using the
internal ETO mode of PPMS. The AC frequency is 0.1~0.5 Hz. The magnetic field is applied out-

of-plane unless specified.
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Figure 1 | Resistance changes with temperature and the identification of giant RTN in a vertical
graphene/V-WSe;/graphene device. a, Schematic of the device, with V-doped WSe; sandwiched between
two graphene (Gr) layers, the red arrows represent the magnetic domains that can be generated around the
vanadium atom. b, Temperature-dependent resistance R and its derivative dR/d7T under zero-field cooling
(ZFC) and field cooling (FC) with 1 T at Vac = 0.9 V. Three distinct regions were identified: (I)
semiconductor (light blue region), (II) anomalous magnetic fluctuation (green region), and (III)
ferromagnetic semiconductor (purple region) with interlayer-coupled magnetic order. ¢, Time evolution of
resistance change at 2 K, -0.9 V. The resistance mapping show characteristics of RTN with low resistance
state (red) and high resistance state (dark blue) after ZFC ( top panel) and FC (bottom panel). a-signature
of RTN: The data are measured in device 1 with 0.1% vanadium doping concentration.
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Figure 2 | MR hysteresis in V-doped WSe; at different V-doping concentrations. a, In-plane and out-
of-plane magnetoresistance at 0.1% V, 0.3% V, and 0.5% V at 300 K. MR hysteresis is manifested at 0.3%
and 0.5% V, confirming the stable ferromagnetic state. MR hysteresis is obscured in 0.1% V-doped WSe:,
indicating metastable magnetic states. All samples have similar thicknesses of ~ 2 nm. The biases of 0.8 V,
0.85mV, and 0.5 mV are applied for corresponding 0.1%, 0.3%, and 0.5% V. b, Appearance of substantial
hysteresis up to 350 K with a bias of 0.5 mV at 0.3% V, indicating the Curie temperature of higher than

350 K.
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385  Figure 3 | Control of RTN by magnetic fields. a, RTN after ZFC and FC with magnetic fields of varying
386  strength (bottom) and the corresponding histograms (top). The resistance mapping show characteristics of
387  RTN with low resistance state (red) and high resistance state (dark blue). Data are collected at 2 K, 0.85 V.
388 b, Analysis of RTN signal after ZFC and FC (0.1 T) and the corresponding time constants of high and low
389  resistance levels. ¢, Cut-off frequency (f) of 1/ noise and extracted energy barrier changes after FC
390  processes with magnetic fields of varying strength. d, Schematic of the multiple metastable states from low
391  resistance state (red) to high resistance state (dark blue) with equally probable activation energy Ea after
392  ZFC (top panel), and after FC with different magnetic field (lower panels) the two discrete states are parallel
393  (P) and antiparallel (AP) emerge with a single activation barrier (E.”). The data are measured in device 1
394  with 0.1% vanadium doping concentration.
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Figure 4 | Temperature-dependent RTN across the vertical Gr/V-WSe2/Gr junction after FC. a, RTN
at five different temperatures in three different regions at -0.9 V. RTN at 2, 90, and 180 K respectively
correspond to regions I, I1, and Il in Figure 1b. RTN at 70 and 130 K corresponds to boundaries of region
I-IT and II-III, respectively. Histograms are shown at right with deconvoluted curves (different color curves:
blue, green, red ...) presence of multiple fluctuations of magnetic states. b, Noise spectra representing three
different zones with multiple 1/£ curves; intralayer coupling at high temperature (top panel), weak
interlayer coupling at intermediate temperature (middle), and strong interlayer coupling at low temperature
(bottom). ¢, Evolution of |4 Rnom| (dot symbols) at different temperatures. The resistance changes into three
distinct categories in terms of |ARnom| strength: small (yellow), intermediate (blue), and giant (red)
correspond defect, intralayer coupling and interlayer coupling regions. Inset is the polarity change of
ARnorm. Obvious distinguishing regions are revealed. d, Schematic of three different interactions with
magnetic domains: i) intralayer coupling, ii) weak interlayer coupling, iii) strong interlayer coupling. e,
Temperature-dependent noise amplitude at two cut-off frequencies f; (blue) and f.> (red) corresponding
three distinct regions were identified: (I) semiconductor (light blue region), (II) anomalous magnetic
fluctuation (green region), and (III) ferromagnetic semiconductor (purple region) with interlayer-coupled
magnetic order. The data were measured in device 1 with 0.1% vanadium doping concentration
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Figure 5 | Control of RTNs across the vertical Gr/V-WSe»/Gr junction by biases after ZFC process.
a, Schematic of energy introduced to the magnetic metastable phases by electric fields. b, RTN signal after
FC (5 T) at 2 K demonstrates the switching between P and AP states with reversed biases (+0.8 and -0.8
V). ¢, RTN as measured over a range of biases. The data are collected at 2 K after ZFC process. d, Frequency
of jumps fiumps (start) are calculated by number of jumps per seconds and cut-off frequency fc (dot) in the
device at different biases. The data are measured in device 2 (see Supplemental Table 1) with 0.1% of
vanadium doping concentration.
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