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Summary: Magnetic tunnel junctions (MTJs) are a backbone spintronics device with applications ranging from stable magnetic memory to emerging stochastic computing schemes. Integrating van der Waals magnets in these devices could enable the realization of atomically thin MTJs with unique functionalities. Here, we demonstrate that the strain-tunable magnetism of the layered semiconductor CrSBr offers a new type of programmable MTJ operation. Switching the CrSBr tunnel barrier from antiferromagnetic (AFM) to ferromagnetic (FM) order by strain generates a giant tunneling magnetoresistance ratio without external magnetic field. In addition to the purely FM and AFM states, we observe a variety of intermediate magnetic states consisting of both FM- and AFM-coupled layers. The layer-dependent magnetization of these states can be actively switched via the application of strain pulses. Alternatively, finely adjusting the static strain to minimize the energy difference between AFM and FM interlayer coupling results in stochastic switching with a strain-tunable sigmoidal response curve. Our results demonstrate new approaches for manipulating layered 2D magnetism towards spintronic devices.
 





Introduction:
	The control and readout of discrete magnetic states lies at the foundation of the fields of spintronics and modern information storage1-4. Standard spintronic devices utilize the spin filtering phenomenon, where spin-selective transport processes, such as electron tunneling through magnetic layers, create spin polarization and magnetoresistance5-10. Controlling the energetics and stability of the magnets in such devices, known as magnetic tunnel junctions (MTJ), has enabled many important technological advancements. For instance, switching the orientation of the magnets from anti-parallel (AP) to parallel (P) in stable MTJs results in large changes to the tunneling magnetoresistance (TMR). This behavior is the conceptual basis for magnetic random-access memory (MRAM). On the other hand, when the magnetic layers are thinned so that the energy difference between P and AP states is small, the magnetic order becomes unstable and stochastic switching between the two states is observed11-15. Such stochastic MTJs can serve as probabilistic bits (p-bits), the fundamental building blocks for the emerging fields of probabilistic and neuromorphic computing11,16. 
	Van der Waals (vdW) MTJs which utilize atomically thin A-type antiferromagnetic insulators as the tunneling barrier provide a new platform for realizing 2D spin filter MTJs. The A-type AFM configuration consists of van der Waals (vdW) layers with intralayer FM and interlayer AFM coupling. The alternating layer magnetization forms intrinsic spin filters that can generate record high17-21 TMR when an external magnetic field is applied to align the spins (Fig. 1a). The remarkable tunability of atomically thin vdW materials may also provide new opportunities for the in-situ control of 2D magnetism and MTJ devices22-27. For instance, the strain-tunable magnetism28 in the air stable layered AFM semiconductor CrSBr could serve as an operating principle for controlling atomically thin MTJs by reversibly switching the magnetic state at zero applied field. Moreover, the ability to continuously modify the interlayer exchange coupling in-situ provides unique tunability in comparison with conventional MTJs where the properties of the device are fixed by the sensitive growth conditions. 
Results:
	To explore how the strain-tunable magnetism in CrSBr can be harnessed in functional devices, we deposited CrSBr MTJs on flexible polyimide substrates which were then affixed to a piezoelectric strain cell (see Methods and Figure S1a). The schematic for our strain device is shown in Figure 1b. The vdW MTJ heterostructure is composed of a CrSBr tunnel barrier sandwiched between two narrow graphite contacts. The whole MTJ is fixed to a stretchable polyimide substrate by a gold clamp with a small (≈ 5 µm) window around the junction (Fig. 1b and Methods). This design ensures a highly efficient strain transfer when the polyimide substrate is stretched by a home-built piezoelectric strain cell28-30, while also allowing for optical spectroscopy measurements of the junction region. The strain is applied along the crystallographic a axis for consistency with previous experiments28. The data in the main text is taken on a MTJ with an ≈ 11 nm tunnel barrier, but the technique is compatible with CrSBr flakes of any thickness. 
Figure 1c shows the tunneling magnetoresistance as a function of magnetic field (µ0H) applied along the c axis. In the low strain condition with a piezo voltage (Vp) of -5 V, CrSBr is in the AFM state at µ0H = 0 T. As |µ0H| increases, the spins cant from the AFM configuration, gradually increasing the conductivity of the MTJ until it reaches the field-induced FM state with |µ0H| > 1 T. This behavior is consistent with the in-plane A-type layered AFM order in CrSBr31. We note that the saturating field of the device is lower than standard exfoliated CrSBr samples due to a built-in strain which we determine to be ≈ 0.9 % from the Raman spectra (Methods, and Figure S1b-d). Using the difference in resistance between the FM (Rp) and AFM (Rap) states, we find the tunneling magnetoresistance ratio to be TMR (%) , on par with other 2D A-type AFM tunnel junctions17,19,20, albeit at higher operating temperature of 60 K. 
Strain switching MTJ operation
When the piezo voltage is increased, the TMR decreases dramatically (Fig. 1d). Furthermore, the shape of the tunneling magnetoresistance curves evolves from a giant, purely negative magnetoresistance (i.e., decreasing resistance with increasing field) at low strain to small positive MR at high strain (Figure S2), with complex, hysteretic behavior in between, e.g., the curve at 5 V in Fig. 1d. The large decrease in TMR and switching from negative to positive magnetoresistance indicates that the interlayer magnetic coupling switches from AFM to FM at large strain. To further confirm that the behavior observed in the tunneling measurement originates from the strain-tuned magnetism, we performed photoluminescence (PL) measurements with the beam spot focused on the junction region with the same experimental conditions. Since the exciton energy in CrSBr is sensitive to the angle between spins in adjacent layers32, PL provides a powerful probe of the magnetic order. When the strain is increased on the sample, the PL shows the characteristic red-shift from the strain induced AFM to FM phase transition, as demonstrated in a previous report28, which is concurrent with the large changes in tunneling magnetoresistance (Figs. 2a,b). The close correspondence between the magneto-PL and tunneling magnetoresistance is a consequence of the coupling of spin and charge in magnetic semiconductors, which forbids or allows interlayer electronic hybridization and tunneling in the AFM and FM states, respectively. 
The strain-induced magnetic phase transition enables strain switching and control of the MTJ at zero magnetic field. Figure 2c shows the tunneling resistance as the piezo voltage is continually increased. At around 5 V, the sample experiences a switch from AFM to FM states accompanied by a sharp drop in resistance, generating a TMR ratio of ≈ 2700 %, comparable to the field-induced TMR in the AFM state. When the tension is released, the resistance recovers to its original value. The observed hysteresis between up and down strain sweeps is likely due to a combination of the piezo hysteresis and hysteresis in the first-order magnetic phase transition. This switching operation is robust with no slipping or degradation over the entire measurement (> 50 strain sweeps). 
Moreover, the strain-switching operation of the MTJ persists to higher temperature than other 2D MTJs17-20,33-35. Figure 2d shows tunneling magnetoresistance vs strain cycles at select temperatures. At higher temperatures, the transition between low and high tunneling magnetoresistance states becomes broader, but a large strain switching ratio is maintained. As shown in Figure S3a, the zero-field strain-induced TMR exceeds 10,000 % at 30 K and remains above 100 % up to ≈ 140 K. Interestingly, a dome of positive magnetoresistance can still be induced by a large strain at 155 K, well above the Neel temperature of 132 K reported in previous studies31,36,37 (Figure S3b). A possible explanation is that the enhancement of the interlayer FM exchange induces a long-range FM ordering of the previously reported intermediate FM (iFM) phase where the individual layers are ferromagnetically ordered, but the interlayer coupling remains paramagnetic37. Further exploration of the strain-induced iFM-FM phase at elevated temperatures is an interesting topic for future studies. 
Strain programmable layer-dependent magnetism 
[bookmark: _Hlk191514066]An intriguing feature of the strain-dependent TMR sweeps is the multiple resistance jumps during the AFM-FM phase transition, indicating the formation of multiple magnetic domains within the small (~ 400 x 400 nm) junction region. These domains are also evident from the complex, hysteretic behavior observed in the field dependent TMR measurements (Fig. 1d, 5 V). Similar magnetic domain behavior is observed in both the nanoscale junction region and across several microns of the sample in magneto-PL (Figure S4). These results suggest the formation of vertical instead of lateral magnetic domains during the phase transition, although, the measurements cannot fully exclude the formation of sub-micron lateral domains, and probes with higher spatial resolution such as nitrogen-vacancy center microscopy are required to conclusively determine the domain structure and their dynamics during the strain-induced magnetic phase transition in CrSBr38-42.. We further note that the strain-induced phase transition may be affected by other experimental knobs such as layer-number and varying vertical and horizontal strain gradients. A full investigation of these effects on the strain-tuned magnetic phases and switching is an important direction for future experiments. In our devices, the vertical domains could arise due to small vertical strain gradients through the CrSBr tunnel barrier resulting from the different conditions on top and bottom surfaces, i.e., the evaporated gold layer on top and direct polyimide contact on bottom. In this case, the higher strain layers will become FM first, followed by the others in a layer-wise fashion (Fig. 3a). Thus, near the critical strain of the magnetic phase transition, the interlayer coupling can be FM for some layers and AFM for others. These mixed layer-dependent magnetic configurations will have distinct TMR and could therefore serve as individual magnetic memory states which can be precisely manipulated by strain.
To explore the active control of layer magnetization flipping, we set the static strain near the phase transition and then apply strain pulses with a small and controllable amplitude VPAC (see Fig. 3b inset). Figure 3b shows the tunneling current over time as VPAC is increased from 5 mV to 0.25 V. As the pulse reaches an amplitude of ≈ 25 mV, corresponding to a strain of only ≈ 0.0008 %, the amplitude of tunneling current pulses jumps into a distinctly stable state (left-most purple arrow and inset in Fig. 3b). This behavior corresponds to the MTJ switching between two magnetization states with the strain pulse actively flipping the magnetization direction of individual layers. Calculating the gauge factor, GF , gives an exceptionally large value of ≈ 3500, among the largest value reported in any system43,44. 
By increasing the magnitude of the strain pulse, the number of layers whose magnetization can be flipped also increases. This is evidenced by the additional distinct jumps in tunneling current with increasing pulse amplitude (denoted by purple arrows in Fig. 3b). With a large enough strain pulse, the static state current abruptly increases, indicating a change in the static magnetic configuration. This behavior is completely different than what is observed in the purely FM or purely AFM states, where increasing strain pulse magnitude only produces small, continuous changes at a gauge factor three orders of magnitude smaller, and with no change in the static current (Figure S5). Therefore, we conclude that the strain pulse switching observed in Fig. 3b arises from changing the vertical magnetic structure of the mixed magnetic states. These results demonstrate that multiple individual magnetic configurations, including the static magnetic state, can be controlled by applying extremely small strain pulses. 
Stochastic switching 
[bookmark: _Hlk191515859]	The demonstrated ability to switch the layer-dependent magnetization suggests that strain can tune the MTJ into a regime where the AFM and FM interlayer couplings are extremely close in energy, resulting in a situation similar to recently explored stochastic MTJs. We start with the piezo voltage set to Vp = 5.777 V, where the device is undergoing the magnetic phase transition at zero magnetic field. Starting from the stable, i.e., not fluctuating over time, magnetic configuration we increase the static strain, VPDC, by 14 mV, indicated by the red arrow in top panel of Fig. 4a. As a result, the tunneling current proceeds to fluctuate between two values (Fig. 4a, bottom). By decreasing the piezo voltage back to the original value (blue arrow in Fig. 4a, top), the tunneling current returns to a stable value. The current fluctuations can be reliably turned on and off, as demonstrated. This functionality is enabled by the unique ability of strain to finely and continuously tune the energy barrier between parallel and anti-parallel spin configurations, enabling in-situ switching from stable, MRAM type to stochastic, p-bit type behavior (Fig. 4b).
By defining the lower current state as a 0 and the higher current state as a 1, we can convert the data to a binary sequence and analyze how the switching statistics respond to external control knobs, i.e. applied bias voltage and strain. We find that increasing the bias voltage applied to the tunnel junction leads to a large increase in the switching rate (Fig. 4c and Figure S6). Intriguingly, no switching is observed when a current of similar magnitude flows in the opposite direction (Figure S7b). This bias-polarity dependence suggests that Joule heating is not the origin of the increased switching rate. Instead, the data is consistent with the asymmetric vertical magnetic configuration proposed above, which creates a difference in spin polarization and thus spin transfer torque effects when the current is passed in opposite directions12 (Figure S7c). Whether such an asymmetric magnetic structure can give rise to other spintronics physics such as exchange bias45 and magnetic ratchet effects46 within a single crystal is a fascinating direction for future studies. 
	The relatively high Neel temperature (TN =132 K) of CrSBr in comparison to other 2D A-type AFMs creates opportunities for potential device applications operating above liquid nitrogen temperature. Figure 4d shows the response function (ρ) of the MTJ as a function of the static piezo voltage with a starting value near the strain-induced phase transition at 85 K. The response function is calculated by converting the MTJ output to a binary sequence and calculating the average over the entire time window. Therefore, a response function value of 0 or 1 indicates a stable magnetic state, while a value of 0.5 indicates equal fluctuations between the two stable states. The ability to finely tune the response function should enable both random number generation at ρ  = 0.5 and a biased Bernoulli sequence at higher or lower values, which can be important for applications dealing with Ising and probabilistic computing12. We further note that the applied bias voltage may also be used to tune the response function by increasing or decreasing the switching rate, potentially providing fine control near the edges of the sigmoidal curve, while also enabling interaction between multiple p-bits. In principle, the two independent control parameters (strain and bias voltage) could also offer independent tuning of the effective temperature and energy landscape of the p-bit, thereby allowing direct stochastic annealing of a p-bit system. 
To test the stochasticity of our device, we analyze the switching data taken when ρ ≈ 0.5, generating a binary sequence with near equal 1s and 0s, as shown in Figs. 4e-f. Since the lock-in detection scheme reads the current much faster than the switching rate, we sample the raw data at a frequency which is slower than the calculated switching rate to prevent non-random runs of 1s and 0s (see discussion in Supplemental methods, Figure S9). We tested the data using the NIST test suite (Fig. 4f) and by analyzing the rise and dwell time of the switching events, which shows that the device spends equal amounts of time in the 0 and 1 state within the experimental error (Figure S10). These analyses combined with their physical origin strongly suggest that the metastable states switch stochastically, thereby acting as a random number generator.
Discussion:
	In conclusion, we have demonstrated that strained single crystal CrSBr offers a powerful platform for realizing zero-field programmable spintronic devices down to the atomically thin limit (Figure S8). Due to the versatile nature of vdW heterostructures, our results create a new path for various other programmable 2D quantum devices. For instance, replacing the graphite contacts with superconducting ones could enable field-free control of magnetic Josephson junctions47-50 and superconducting diode effects51-53. The ability to switch the layer-dependent magnetization and vertical magnetic structure in such devices presents intriguing opportunities to explore exotic phenomena proposed in superconductor/ferromagnetic junctions with inhomogeneous magnetization such as spin triplet correlations. 
Methods
Device fabrication and strain application
To prepare the strain substrate, we first cut transparent 20 µm thick polyimide into strips and epoxied them onto 2D flexure sample plates produced by Razorbill instruments using Stycast 2850 FT epoxy. The distance between the edge of the epoxy on either side of the gap was less than 200 µm to enable large strains. 
Bulk CrSBr crystals were grown by the same method detailed previously29. The bulk CrSBr and graphite crystals were exfoliated onto PDMS substrates using standard methods and thin (~ 10 nm) flakes were identified by optical contrast. The MTJs were then assembled through a dry transfer technique with a stamp consisting of a polypropylene carbonate (PPC) film spin coated onto a polydimethylsiloxane (PDMS) cylinder. The flakes were picked up in the following order before being deposited onto the polyimide substrate: top graphite, CrSBr, bottom graphite. The long axis of the CrSBr flake was aligned with the strain axis for consistency with the previous studies18.
After depositing the MTJ heterostructure, the window clamping pattern and electrical contacts to the two graphite contacts were fabricated using standard electron beam lithography techniques with a metal thickness of 7 and 70 nm Cr and Au, respectively. Then, the sample plate was screwed into the same symmetric three-piezo strain cell used previously28,29 for strain experiments on bulk crystals and our previous experiments on strained CrSBr. 
To calibrate the strain during the experiment, we used the same Raman shift rate of the mode near ~  346 cm-1 that we determined in the previous study28. We found that there was a rather large built-in strain of ~ 0.9 %, which is consistent with the smaller saturating field in the out-of-plane direction in comparison with unstrained bulk CrSBr. The observation that the strain-induced phase transition occurs at negative piezo voltages at lower temperature is consistent with a thermally induced built-in strain which increases with cooling. 
Optical measurements: 
Optical measurements were performed using a backscattering geometry in a closed-cycle helium cryostat (Opticool by Quantum Design) with a nominal sample temperature of 60 K. An objective lens focused 632.8 nm light from a He/Ne laser to a spot size of ~ 1 µm. For Raman measurements, a laser power of 200 µW was used and the collected signal was dispersed using a 1800 mm-1 groove-density grating and detected by an LN-cooled charge-coupled device (CCD) with an integration time of 210 seconds. BragGrateTM notch filters were used to filter out Rayleigh scattering down to ~10 cm-1. A roughly linear background originating from weak polyimide photoluminescence was subtracted to increase the accuracy of the fitting results. For photoluminescence measurements, we used a laser power of 50 µW focused by the same objective. The collected light was dispersed by a 600 mm-1 groove-density grating and detected by the same CCD with a 20 second integration time. 
Transport measurements: 
Except for the data presented in Figure S8, the transport measurements were performed in the same measurement conditions (Opticool by Quantum Design) as the optical ones, enabling direct comparison between the observed phenomena. The data shown in Figures 1-3 and 4a are taken using standard two terminal DC measurements with a Keithley 2450, while the rest of the data in Figure 4 are taken using AC detection with a DC offset voltage applied by a Zurich Instruments HF2 lock-in amplifier. The current was amplified by a current preamplifier (DL Instruments; Model 1211) with a sensitivity of 1 V/10−6 A. For the switching data used in Fig. 4E-F and the stochasticity analysis, a time constant of 5.082 ms with a fourth-order filter was used, which was found to give the best time resolution while maintaining a high signal to noise ratio. The current was amplified by a current preamplifier (DL Instruments; Model 1211) with a sensitivity of 1 V/10−6 A.
[bookmark: _Hlk192246718]The 6L device in Figure S8 was measured in a PPMS DynaCool cryostat by Quantum Design. The data in Figure S8a-c were taken using the same two-terminal AC detection scheme as in Figure 4, but with an SR860 lock-in amplifier. The switching data in Figure S8d-e were obtained using a constant current bias measurement scheme, which was achieved by putting a 100 MΩ resistor in series with the device. The resistance signal across the junction was then pre-amplified by the differential-ended mode of SR560 with 20 times amplification and measured by an SR830 lock-in amplifier.
Resource Availability:
Lead Contact
Requests for further information and resources should be directed to and will be fulfilled by the lead contact, Xiaodong Xu (xuxd@uw.edu).
Materials Availability
	This study did not generate new unique materials.
Data and Code Availability
	All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request. 
Acknowledgements: We thank Xuetao Ma and Yen-Cheng Kung for fabrication advice, G.C. Adam, W.A. Borders, and J. J. Mcclelland for proofreading the paper, and John Stroud and Heonjoon Park for their help during the initial stages of the project. The strain controlled optical measurement is mainly supported by DE-SC0018171. The strain-controlled tunneling experiment is mainly supported by Air Force Office of Scientific Research (AFOSR) Multidisciplinary University Research Initiative (MURI) program, grant no. FA9550- 19-1-0390. CrSBr crystal synthesis was supported by the Columbia MRSEC on Precision-Assembled Quantum Materials (PAQM) (DMR-2011738). XX acknowledges support from the State of Washington funded Clean Energy Institute and from the Boeing Distinguished Professorship in Physics. JC acknowledges the Graduate Fellowship from Clean Energy Institute funded by the State of Washington. ZL and JHC acknowledge the support of the David and Lucile Packard Foundation. This research was supported by an appointment to the Intelligence Community Postdoctoral Research Fellowship Program at University of Washington, administered by Oak Ridge Institute for Science and Education through an interagency agreement between the U.S. Department of Energy and the Office of the Director of National Intelligence.

Author contributions: XX and John C conceived the project. John C performed the optical and transport measurements with help from Jiaqi C and GD. DO supervised transport measurements and contributed to fabrication development. John C fabricated the samples with assistance from HY and ZL. John C, DO, TC, JHC, DX, and XX analyzed the data and interpreted the results. TC, MWD and DX provided theoretical support. DGC grew the CrSBr crystals with supervision from XR and XYZ. John C and XX wrote the manuscript with input from all authors. All authors discussed the results.
Declaration of interests: John C and XX have applied for a patent based on this work. Xiaodong Xu is an advisory board member for Newton.
[bookmark: _Hlk196315744]References:  
1.	Baibich, M.N., Broto, J.M., Fert, A., Van Dau, F.N., Petroff, F., Etienne, P., Creuzet, G., Friederich, A., and Chazelas, J. (1988). Giant Magnetoresistance of (001)Fe/(001)Cr Magnetic Superlattices. Physical Review Letters 61, 2472-2475. 
2.	Binasch, G., Grünberg, P., Saurenbach, F., and Zinn, W. (1989). Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer exchange. Physical Review B 39, 4828-4830. 
3.	Žutić, I., Fabian, J., and Das Sarma, S. (2004). Spintronics: Fundamentals and applications. Reviews of Modern Physics 76, 323-410. 
4.	Dieny, B., Speriosu, V.S., Parkin, S.S.P., Gurney, B.A., Wilhoit, D.R., and Mauri, D. (1991). Giant magnetoresistive in soft ferromagnetic multilayers. Physical Review B 43, 1297-1300. 
5.	Tunneling between ferromagnetic films.  (1975). Physics letters. 54, 225.
6.	Moodera, J.S., Kinder, L.R., Wong, T.M., and Meservey, R. (1995). Large Magnetoresistance at Room Temperature in Ferromagnetic Thin Film Tunnel Junctions. Physical Review Letters 74, 3273-3276.
7.	Giant magnetic tunneling effect in Fe/Al2O3/Fe junction (1995). Journal of magnetism and magnetic materials 139, L231.
8.	Yuasa, S., Nagahama, T., Fukushima, A., Suzuki, Y., and Ando, K. (2004). Giant room-temperature magnetoresistance in single-crystal Fe/MgO/Fe magnetic tunnel junctions. Nature Materials 3, 868-871. 
9.	Parkin, S.S.P., Kaiser, C., Panchula, A., Rice, P.M., Hughes, B., Samant, M., and Yang, S.-H. (2004). Giant tunnelling magnetoresistance at room temperature with MgO (100) tunnel barriers. Nature Materials 3, 862-867. 
10.	Ikeda, S., Hayakawa, J., Ashizawa, Y., Lee, Y.M., Miura, K., Hasegawa, H., Tsunoda, M., Matsukura, F., and Ohno, H. (2008). Tunnel magnetoresistance of 604% at 300K by suppression of Ta diffusion in CoFeB∕MgO∕CoFeB pseudo-spin-valves annealed at high temperature. Applied Physics Letters 93, 082508. 
11.	Borders, W.A., Pervaiz, A.Z., Fukami, S., Camsari, K.Y., Ohno, H., and Datta, S. (2019). Integer factorization using stochastic magnetic tunnel junctions. Nature 573, 390-393. 
12.	Safranski, C., Kaiser, J., Trouilloud, P., Hashemi, P., Hu, G., and Sun, J.Z. (2021). Demonstration of Nanosecond Operation in Stochastic Magnetic Tunnel Junctions. Nano Letters 21, 2040-2045.
13.	Bapna, M., Piotrowski, S.K., Oberdick, S.D., Li, M., Chien, C.-L., and Majetich, S.A. (2016). Magnetostatic effects on switching in small magnetic tunnel junctions. Applied Physics Letters 108, 022406.
14.	Mizrahi, A., Hirtzlin, T., Fukushima, A., Kubota, H., Yuasa, S., Grollier, J., and Querlioz, D. (2018). Neural-like computing with populations of superparamagnetic basis functions. Nature Communications 9. 
15.	Rippard, W., Heindl, R., Pufall, M., Russek, S., and Kos, A. (2011). Thermal relaxation rates of magnetic nanoparticles in the presence of magnetic fields and spin-transfer effects. Physical Review B 84. 
16.	Camsari, K.Y., Sutton, B.M., and Datta, S. (2019). p-bits for probabilistic spin logic. Applied Physics Reviews 6, 011305.
17.	Wang, Z., Gutiérrez-Lezama, I., Ubrig, N., Kroner, M., Gibertini, M., Taniguchi, T., Watanabe, K., Imamoğlu, A., Giannini, E., and Morpurgo, A.F. (2018). Very large tunneling magnetoresistance in layered magnetic semiconductor CrI3. Nature Communications 9. 
18.	Klein, D. R., Macneill, D., Lado, J.L., Soriano, D., Navarro-Moratalla, E., Watanabe, K., Taniguchi, T., Manni, S., Canfield, P., Jarillo-Herrero, P. (2018). Probing magnetism in 2D van der Waals crystalline insulators via electron tunneling. Science 360, 1218-1222. 
19.	Song, T., Cai, X., Tu, M.W.-Y., Zhang, X., Huang, B., Wilson, N.P., Seyler, K.L., Zhu, L., Taniguchi, T., Watanabe, K., et al. (2018). Giant tunneling magnetoresistance in spin-filter van der Waals heterostructures. Science 360, 1214-1218.
20.	Kim, H.H., Yang, B., Patel, T., Sfigakis, F., Li, C., Tian, S., Lei, H., and Tsen, A.W. (2018). One Million Percent Tunnel Magnetoresistance in a Magnetic van der Waals Heterostructure. Nano Letters 18, 4885-4890. 
21.	Lan, G., Xu, H., Zhang, Y., Cheng, C., He, B., Li, J., He, C., Wan, C., Feng, J., Wei, H., et al. (2023). Giant Tunneling Magnetoresistance in Spin-Filter Magnetic Tunnel Junctions Based on van der Waals A-Type Antiferromagnet CrSBr. Chinese Physics Letters 40. 
22.	Chen, Y., Samanta, K., Shahed, N.A., Zhang, H., Fang, C., Ernst, A., Tsymbal, E.Y., Parkin, S.S.P., Chen, Y., Samanta, K., et al. (2024). Twist-assisted all-antiferromagnetic tunnel junction in the atomic limit. Nature 632. 
23.	Ziebel, M.E., Feuer, M.L., Cox, J., Zhu, X., Dean, C.R., and Roy, X. (2024). CrSBr: An Air-Stable, Two-Dimensional Magnetic Semiconductor. Nano Letters 24. 
24.	Boix-Constant, C., Rybakov, A., Miranda-Pérez, C., Martínez-Carracedo, G., Ferrer, J., Mañas-Valero, S., and Coronado, E. (2025). Programmable Magnetic Hysteresis in Orthogonally‐Twisted 2D CrSBr Magnets via Stacking Engineering. Advanced Materials 37.
25.	Boix-Constant, C., Jenkins, S., Rama-Eiroa, R., Santos, E.J.G., Mañas-Valero, S., Coronado, E. (2023). Multistep magnetization switching in orthogonally twisted ferromagnetic monolayers. Nature Materials 23. 
26.	Ye, C., Wang, C., Wu, Q., Liu, S., Zhou, J., Wang, G., Söll, A., Sofer, Z., Yue, M., Liu, X., et al. (2022). Layer-Dependent Interlayer Antiferromagnetic Spin Reorientation in Air-Stable Semiconductor CrSBr. ACS Nano 16.
27.	Liu, Z., Zhu, C., Gao, Y., Chen, Z., Gu, P., and Ye, Y. (2024). Probing spin textures in atomically thin CrSBr through tunneling magnetoresistance. Preprint at arXiv, https://doi.org/10.48550/arXiv.2407.13230.
28.	Cenker, J., Sivakumar, S., Xie, K., Miller, A., Thijssen, P., Liu, Z., Dismukes, A., Fonseca, J., Anderson, E., Zhu, X., et al. (2022). Reversible strain-induced magnetic phase transition in a van der Waals magnet. Nature Nanotechnology 17, 256-261. 
29.	Hicks, C.W., Barber, M.E., Edkins, S.D., Brodsky, D.O., and Mackenzie, A.P. (2014). Piezoelectric-based apparatus for strain tuning. Review of Scientific Instruments 85, 065003.
30.	Diederich, G.M., Cenker, J., Ren, Y., Fonseca, J., Chica, D.G., Bae, Y.J., Zhu, X., Roy, X., Cao, T., Xiao, D., and Xu, X. (2023). Tunable interaction between excitons and hybridized magnons in a layered semiconductor. Nature Nanotechnology 18, 23-28. 
31.	Telford, E.J., Dismukes, A.H., Lee, K., Cheng, M., Wieteska, A., Bartholomew, A.K., Chen, Y.S., Xu, X., Pasupathy, A.N., Zhu, X., et al. (2020). Layered Antiferromagnetism Induces Large Negative Magnetoresistance in the van der Waals Semiconductor CrSBr. Advanced Materials 32, 2003240.
32.	Wilson, N.P., Lee, K., Cenker, J., Xie, K., Dismukes, A.H., Telford, E.J., Fonseca, J., Sivakumar, S., Dean, C., Cao, T., et al. (2021). Interlayer Electronic Coupling on Demand in a 2D Magnetic Semiconductor. Nature Materials 20, 1657-1662.
33.	Wang, Z., Gutiérrez-Lezama, I., Dumcenco, D., Ubrig, N., Taniguchi, T., Watanabe, K., Giannini, E., Gibertini, M., and Morpurgo, A.F. (2021). Magnetization dependent tunneling conductance of ferromagnetic barriers. Nature Communications 12. 
34.	Cai, X., Song, T., Wilson, N.P., Clark, G., He, M., Zhang, X., Taniguchi, T., Watanabe, K., Yao, W., Xiao, D., et al. (2019). Atomically Thin CrCl3: An In-Plane Layered Antiferromagnetic Insulator. Nano Letters 19, 3993-3998.
35.	Wang, Z., Gibertini, M., Dumcenco, D., Taniguchi, T., Watanabe, K., Giannini, E., and Morpurgo, A.F. (2019). Determining the phase diagram of atomically thin layered antiferromagnet CrCl3. Nature Nanotechnology 14, 1116-1122.
36.	Scheie, A., Ziebel, M., Chica, D.G., Bae, Y.J., Wang, X., Kolesnikov, A.I., Zhu, X., and Roy, X. (2022). Spin Waves and Magnetic Exchange Hamiltonian in CrSBr. Advanced Science 9, 2202467.
37.	Lee, K., Dismukes, A.H., Telford, E.J., Wiscons, R.A., Xu, X., Nuckolls, C., Dean, C.R., Roy, X., and Zhu, X. (2020). Magnetic Order and Symmetry in the 2D Semiconductor CrSBr. Nano Letters 21.
38.	Tschudin, M.A., Broadway, D.A., Siegwolf, P., Schrader, C., Telford, E.J., Gross, B., Cox, J., Dubois, A.E.E., Chica, D.G., Rama-Eiroa, R., et al. (2024). Imaging nanomagnetism and magnetic phase transitions in atomically thin CrSBr. Nature Communications 15.
39.	Yu, J., Liu, D., Ding, Z., Yuan, Y., Zhou, J., Pei, F., Pan, H., Ma, T., Jin, F., Wang, L., et al. (2024). Direct Imaging of Antiferromagnet‐Ferromagnet Phase Transition in van der Waals Antiferromagnet CrSBr. Advanced Functional Materials 34.
40.	Bagani, K., Vervelaki, A., Jetter, D., Devarakonda, A., Tschudin, M.A., Gross, B., Chica, D.G., Broadway, D.A., Dean, C.R., Roy, X., et al. (2024). Imaging Strain-Controlled Magnetic Reversal in Thin CrSBr. Nano Letters 24.
41.	Healey, A.J., Tan, C., Gross, B., Scholten, S.C., Xing, K., Chica, D.G., Johnson, B.C., Poggio, M., Ziebel, M.E., Roy, X., et al. (2024). Imaging magnetic switching in orthogonally twisted stacks of a van der Waals antiferromagnet. Preprint at arXiv, https://doi.org/10.48550/arXiv.2410.19209
42.	Zur, Y., Noah, A., Boix-Constant, C., Mañas-Valero, S., Fridman, N., Rama-Eiroa, R., Huber, M.E., Santos, E.J.G., Coronado, E., and Anahory, Y. (2023). Magnetic Imaging and Domain Nucleation in CrSBr Down to the 2D Limit. Advanced Materials 35.
43.	Wu, J.M., Chen, C.-Y., Zhang, Y., Chen, K.-H., Yang, Y., Hu, Y., He, J.-H., and Wang, Z.L. (2012). Ultrahigh Sensitive Piezotronic Strain Sensors Based on a ZnSnO3 Nanowire/Microwire. ACS Nano 6, 4369-4374.
44.	Yan, W., Fuh, H.-R., Lv, Y., Chen, K.-Q., Tsai, T.-Y., Wu, Y.-R., Shieh, T.-H., Hung, K.-M., Li, J., Zhang, D., et al. (2021). Giant gauge factor of Van der Waals material based strain sensors. Nature Communications 12.
45.	Meiklejohn, W.H., and Bean, C.P. (1956). New Magnetic Anisotropy. Physical Review 102, 1413-1414.
46.	Lavrijsen, R., Lee, J.-H., Fernández-Pacheco, A., Petit, D.C.M.C., Mansell, R., and Cowburn, R.P. (2013). Magnetic ratchet for three-dimensional spintronic memory and logic. Nature 493, 647-650.
47.	Gingrich, E.C., Niedzielski, B.M., Glick, J.A., Wang, Y., Miller, D.L., Loloee, R., Pratt Jr, W.P., and Birge, N.O. (2016). Controllable 0–π Josephson junctions containing a ferromagnetic spin valve. Nature Physics 12, 564-567.
48.	Ai, L., Zhang, E., Yang, J., Xie, X., Yang, Y., Jia, Z., Zhang, Y., Liu, S., Li, Z., Leng, P., et al. (2021). Van der Waals ferromagnetic Josephson junctions. Nature Communications 12.
49.	Idzuchi, H., Pientka, F., Huang, K.-F., Harada, K., Gül, Ö., Shin, Y.J., Nguyen, L.T., Jo, N.H., Shindo, D., Cava, R.J., et al. (2021). Unconventional supercurrent phase in Ising superconductor Josephson junction with atomically thin magnetic insulator. Nature Communications 12.
50.	Kang, K., Berger, H., Watanabe, K., Taniguchi, T., Forró, L., Shan, J., and Mak, K.F. (2022). van der Waals π Josephson Junctions. Nano Letters 22. 
51.	Narita, H., Ishizuka, J., Kawarazaki, R., Kan, D., Shiota, Y., Moriyama, T., Shimakawa, Y., Ognev, A.V., Samardak, A.S., Yanase, Y., and Ono, T. (2022). Field-free superconducting diode effect in noncentrosymmetric superconductor/ferromagnet multilayers. Nature Nanotechnology 17, 823-828.
52.	Ando, F., Miyasaka, Y., Li, T., Ishizuka, J., Arakawa, T., Shiota, Y., Moriyama, T., Yanase, Y., and Ono, T. (2020). Observation of superconducting diode effect. Nature 584, 373-376.
53.	Wu, H., Wang, Y., Xu, Y., Sivakumar, P.K., Pasco, C., Filippozzi, U., Parkin, S.S.P., Zeng, Y.-J., Mcqueen, T., and Ali, M.N. (2022). The field-free Josephson diode in a van der Waals heterostructure. Nature 604, 653-656.
Figures:
[image: ]
Figure 1 | Strain controlled van der Waals magnetic tunnel junction. a, Schematic of the magnetic state evolution of the CrSBr tunnel barrier with the application of either magnetic fields along the easy b axis or in-plane uniaxial strain at zero magnetic field. The changing magnetic configuration creates different magneto-resistance states when bias is applied between the graphite contacts (grey). The red and blue arrows denote the spin direction within each layer. b, Schematic of straintronic MTJ consisting of graphite contacts sandwiching a CrSBr tunnel barrier (blue). The whole device is fixed by gold clamps to a flexible polyimide substrate (purple) which is then strained. c, Magnetic field dependence of a MTJ using an ≈ 11 nm CrSBr tunnel barrier (optical image inset, scale bar 3 µm) at a temperature of 60K. The device has a built-in strain but remains in the AFM state at zero magnetic field. Magnetic field is applied along the hard c axis, leading to spin canting (inset arrows). d, Evolution of magnetoresistance curves with increasing piezo voltage and strain (from blue to red). The curves are equally offset by 0.1 G Ω for clarity.
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Figure 2 | Magnetic field and temperature dependence of the strain-switched MTJ. a, Color plot of strain-dependent tunneling magnetoresistance with the magnetic field swept from positive to negative. b, Strain dependent photoluminescence intensity plot. The beam spot was kept fixed on the junction region while the strain was continuously swept. c, Tunneling resistance as a function of piezo voltage at zero magnetic field at 60 K. A large TMR change of ≈ 2700 % is observed between the low and high strain states. Hysteresis is observed as cycling the piezo voltage. Color arrows denote the spin configuration. d, Piezo-voltage-dependent tunneling resistance at select temperatures from 30 K to 149 K. A large switching ratio exceeding 100 % is maintained until ≈ 140 K (see Figure S3).  
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Figure 3 | Dynamic strain pulse control of layered magnetic resistive states. a, Depiction of magnetic states during the strain-induced AFM to FM transition. Due to the vertical strain gradient, there are mixture of FM and AFM interlayer coupling from top to bottom. The ratio of the vertical FM and AFM domains depends on the amplitude of the applied strain (horizontal axis). b, tunneling current over time as strain pulses of increasing amplitude are applied. The top inset shows the strain pulse scheme: a small pulse of amplitude VPAC is applied on top of a static piezo voltage VPDC. The system is initialized by slowly increasing VPDC until the magnetic phase transition starts to occur. Inset: a zoomed-in view of measured tunneling current as strain pulse amplitude increases from a small value, which suggests of the device switching into the first stable state. As the pulse amplitude increases, the current switching stabilizes into other discrete states (denoted by the purple arrows in the main panel). Data was taken at a sample temperature of 60 K.
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Figure 4 | Creation of stochastic layer-dependent magnetic domains. a, Tunneling current over time as the static piezo voltage, VPDC is increased (red arrow) and then decreased (blue arrow) by .014 V. No strain pulse is applied. Bottom: Finer time resolution data of the domain fluctuations observed in the top panel. b, Schematic of strain tuning between magnetic domains. A sufficiently high pulse, VPAC, will flip between AFM and FM domains (left). The fine adjustment of the static strain lowers the energy barrier between AFM and FM domains, creating a metastable state with stochastic domain switching (right). c, Bias dependence of the switching rate in the metastable state. The piezo voltage is kept constant during the measurement. Data from panels A-C are taken at 60 K. d, Response function of a sensitive magnetic domain as a function of static piezo voltage at a temperature of 85 K. A value of either 0 or 1 indicates a stable domain. The grey dashed line is a sigmoidal function which serves as a guide to the eye. e, Tunneling current (top) and converted binary sequence (bottom) over time when the response function is near 0.5, indicating equal amount of fluctuations between the parallel and antiparallel configuration. f, P-values returned by the NIST random number test suite applied to the binary sequence from e. The black dashed line indicates a p-value of .01, the threshold for passing the test. The sampling time was .1760 seconds (see Supplemental methods).
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