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Abstract

© 2017 The Author(s). The problem of the ballistic electron tunneling is considered in magnetic
tunnel junction with embedded non-magnetic nanoparticles (NP-MTJ), which creates additional
conducting middle layer. The strong temperature impact was found in the system with averaged
NP  diameter  d  av  <  1.8  nm.  Temperature  simulation  is  consistent  with  experimental
observations  showing  the  transition  between  dip  and  classical  dome-like  tunneling
magnetoresistance (TMR) voltage behaviors. The low temperature approach also predicts step-
like TMR and quantized in-plane spin transfer torque (STT) effects. The robust asymmetric STT
respond is found due to voltage sign inversion in NP-MTJs with barrier asymmetry. Furthermore,
it is shown how size distribution of NPs as well as quantization rules modify the spin-current
filtering properties of the nanoparticles in ballistic regime. Different quantization rules for the
transverse component of the wave vector are considered to overpass the dimensional threshold
(d av ≈ 1.8 nm) between quantum well and bulk-assisted states of the middle layer.

http://dx.doi.org/10.1038/s41598-017-08354-7

References

[1] Freitas, P., Ferreira, R., Cardoso, S. & Cardoso, F. Magnetoresistive sensors. Phys.: Condens. Matter 19, 165221
(2007).

[2] Shen, W., Liu, X., Mazumdar, D. & Xiao, G. In situ detection of single micron-sized magnetic beads using
magnetic tunnel junction sensors. Appl. Phys. Lett. 86, 253901 (2005).

[3] Kobayashi, K. & Akimoto, H. TMR Film and Head Technologies. FUJITSU Sci. Tech. J. 42, 139-148 (2006).
[4] Duret, C. & Ueno, S. TMR: A new frontier for magnetic sensing. NTN technical review 80, 64-71 (2012).
[5] Lima, E., Bruno, A., Carvalho, H. & Weiss, B. Scanning magnetic tunnel junction microscope for high-resolution

imaging of remanent magnetization fields. Meas. Sci. Technol. 25, 105401 (2014).
[6] Nowak, J. J. et al. Dependence of voltage and size on write error rates in spin-transfer torque magnetic random-

access memory. IEEE Mag. Let 7, 3102604 (2016).
[7] Ralph, D. C. & Stiles, M. D. Spin transfer torques. J. Magn. Magn. Mater. 320, 1190-1216 (2008).
[8] Tserkovnyak, Y., Brataas, A., Bauer, G. E. & Halperin, B. I. Nonlocal magnetization dynamics in ferromagnetic

heterostructures. Rev. of Mod. Phys 77, 1375-1421 (2005).
[9] Yu, G. Q. et al. 1/f noise in MgO double-barrier magnetic tunnel junctions. Appl. Phys. Let 98, 112504 (2011).

[10] Pham, T. V. et al. Spin-dependent tunneling in magnetic tunnel junctions with Fe nanoparticles embedded in an
MgO matrix. Solid State Commun. 183, 18-21 (2014).

http://dx.doi.org/10.1038/s41598-017-08354-7


[11] Wang, Y., Lu, Z. Y., Zhang, X. G. & Han, X. F. First-principles theory of quantum well resonance in double
barrier magnetic tunnel junctions. Phys. Rev. Let 97, 087210 (2006).

[12] Nozaki, T., Tezuka, N. & Inomata, K. Quantum oscillation of the tunneling conductance in fully epitaxial double
barrier magnetic tunnel junctions. Phys. Rev. Let. 96, 027208 (2006).

[13] Sheng, P. et al. Detailed analysis of spin-dependent quantum interference effects in magnetic tunnel junctions
with Fe quantum wells. Appl. Phys. Rev. 102, 032406 (2013).

[14] Yang, H., Yang, S. & Parkin, S. S. P. Crossover from Kondo-assisted suppression to co-tunneling enhancement
of tunneling magnetoresistance via ferromagnetic nanodots in MgO tunnel barriers. Nano Lett. 8, 340-344
(2008).

[15] Ciudad, D. et al. Competition between co-tunneling, Kondo effect, and direct tunneling in discontinuous high-
anisotropy magnetic tunnel junctions. Phys. Rev. B. 85, 214408 (2012).

[16] Lee, Y. C., Das, B., Wu, T. H., Horng, L. & Wu, J. C. Size effect on interlayer coupling and magnetoresistance
oscillation of magnetic tunnel junction embedded with iron nanoparticles. IEEE Trans. Magn. 51, 1000704
(2015).

[17] Useinov, A. N., Useinov, N. K., Ye, L. X., Wu, T. H. & Lai, C. H. Tunnel magnetoresistance in magnetic tunnel
junctions with embedded nanoparticles. IEEE Trans. Magn. 51, 4401404 (2015).

[18] Useinov, A. N., Ye, L. X., Useinov, N. K., Wu, T. H. & Lai, C. H. Anomalous tunnel magnetoresistance and spin
transfer torque in magnetic tunnel junctions with embedded nanoparticles. Sci. Rep. 5, 18026 (2015).

[19] Useinov, A. N. & Lai, C. H. Tunnel magnetoresistance and temperature related effects in magnetic tunnel
junctions with embedded nanoparticles. Spin 6, 1650001 (2016).

[20] Tagirov, L. R., Vodopyanov, B. P. & Garipov, B. M. Giant magnetoresistance in quantum magnetic contacts. J.
Magn. Magn. Mater. 258-259, 61-66 (2003).

[21] Sze, S. M. & Kwok, K. N. Physics of Semiconductor Devices, 3rd Edition (Copyright John Wiley & Sons, Inc.),
Chapter 8, p.438 (2007).

[22] Useinov, A. N., Kosel, J., Useinov, N. K. & Tagirov, L. R. Resonant tunnel magnetoresistance in double-barrier
planar magnetic tunnel junctions. Phys. Rev. B. 84, 085424 (2011).

[23] Zhang, X. G. & Butler, W. H. Large magnetoresistance in bcc Co/MgO/Co and FeCo/MgO/FeCo tunnel junctions.
Phys. Rev. B. 70, 172407 (2004).

[24] Butler,  W. H. Tunneling magnetoresistance from a symmetry filtering effect.  Sci.  Technol.  Adv. Mater.  9,
014106 (2008).

[25] Himpsel, F. J., Altmann, K. N., Mankey, G. J., Ortega, J. E. & Petrovykh, D. Y. Electronic states in magnetic
nanostructures. J. Magn. Magn. Mater. 200, 456-469 (1999).

[26] Tagirov, L. R. & García, N. Quasiclassical boundary conditions for a contact of two metals. Superlattices and
Microstruct. 41, 152-162 (2007).

[27] Theodonis, I., Kioussis, N., Kalitsov, A., Chshiev, M. & Butler, W. Anomalous bias dependence of spin torque in
magnetic tunnel junctions. Phys. Rev. Lett. 97, 237205 (2006).

[28] Kalitsov, A., Silvestre, W., Chshiev, M. & Velev, J. Spin torque in magnetic tunnel junctions with asymmetric
barriers. Phys. Rev. B. 88, 104430 (2013).

[29] Miwa, S.  et  al.  Enhancement of  spin diode signals from Fe nanoparticles in MgO-based magnetic tunnel
junctions. Applied Phys. Express 5, 123001 (2012).


