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Abstract—We propose a new method of soft magnetic layer 
switching based on torques generated by the spin Hall effect and 
show a possibility of building 1Transistor-1MTJ cells with 
different paths for read and write operations. By performing 
extensive micromagnetic modeling our switching method has 
been verified. 
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I.  INTRODUCTION 
Magnetic tunnel junction (MTJ) based spin transfer torque 

magnetoresistive random-access memory (STT-MRAM) is one 
of the promising candidates for future universal memory. It 
combines non-volatility, fast access and potentially small size 
[1, 2]. The conventional MTJ-based memory designs assume 
two-terminal devices with reading based on the tunnel 
magnetoresistance and writing based on the (spin-torque due to 
the) spin-polarized current passing through the MTJ. The two 
main shortcomings of the two-terminal devices are reliability 
and endurance: indeed, (i) the high write current density can 
occasionally damage the MTJ barrier and (ii) it remains a 
challenge to guarantee reliable reading without ever causing 
switching [2]. These shortcomings do not exist in the three-
terminal memory cells [3, 4]. In these devices different paths 
are used for read and write operations and as a consequence the 
high write current does not flow through the MTJ barrier. 

Recently, three-terminal devices with spin-orbit torque 
(SOT) switching were proposed [5, 6]. An SOT memory cell is 
an MTJ fabricated on a heavy metal channel with large spin-
orbit interaction, wherein the free layer is in direct contact with 
the heavy metal channel. Spin torque is induced by the in-plane 
current through the spin-orbit coupling effect in terms of the 
Rashba effect and/or the spin Hall effect (SHE) [7-11]. 
However, one particular shortcoming is that an external 
magnetic field is required to provide deterministic switching 
[12]. The second shortcoming of this memory type compared 
to the two-terminal devices is that it demands more space and 
thus leads to a lower area density because of the second 
transistor required for writing [2, 4]. 

The second issue can be resolved by a pre-selection of an 
individual cell by means of a voltage pulse applied to the cell 
simultaneously with powering the spin Hall metal line. The 
voltage pulse softens the magnetic anisotropy of the cell's free 
 

 

layer, thus facilitating the magnetization switching of the pre-
selected cell [13, 14]. However, this scheme still requires an 
external magnetic field. 

In this work we propose an external magnetic field free 
method for soft magnetic layer switching based on two 
consecutive orthogonal sub-nanosecond current pulses. We 
investigate the proposed method by means of extensive 
micromagnetic simulations and discuss the possibility of 
building 1Transistor-1MTJ memory cells in a cross-point 
architecture. 
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Figure 1.   Schematic illustration of the proposed method of soft magnetic 
layer switching. In (b), (c) The direction of the charge current is shown by 
big arrows, the direction of the spin current is given by small arrows. 
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Figure 3.   Magnetization components as a function of time: (top)
x-component; (middle) y-component; (bottom) z-component. The 
current is 10 A. The "two write pulses" scheme is shown in red and the 
single "write pulse 2" scheme is shown in black. 

 

 

  

Figure 4.  Switching probability for the “two write pulses” scheme as 
a function of the time for different values of pulse width t1. For 
switching probability estimation, 250 simulations of switching were 
performed on each pulse width t1. 

 

Figure 5.   Switching probability for the “write pulse 2” scheme as a 
function of the pulse duration for five current values. For switching 
probability estimation, 250 simulations of switching were performed on 
each current value. 

II. METHOD DESCRIPTION 
Figure 1 shows the investigated structures for which the 

switching operation is based on two consecutive orthogonal 
sub-nanosecond in-plane current pulses. The switching is 
governed by the torques generated by the SHE. The first pulse 
is necessary for tilting the magnetization of the soft layer from 
its stable state and creating a small initial angle. The second 
pulse is used for switching the soft layer to a new state.  

III. MODEL DESCRIPTION 
Our analyses are based on the magnetization dynamics 

described by the Landau-Lifschitz-Gilbert (LLG) equation, 
including the additional SHE term in the areas of current flow 
[15] 
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and the LLG equation otherwise 
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Here, =2.3245·105m/(A·s) is the gyromagnetic ratio,  is 
the Gilbert damping parameter, B is Bohr’s magneton, j is the 
charge current density, e is the electron charge, SHE is the spin 
Hall angle, d is the thickness of the free layer, m=M/Ms is the 
position dependent normalized vector of the magnetization in 
the free layer, Ms is the saturation magnetizations of the free 
layer, and p is the polarization of the spin current due to the 
spin-dependent scattering in the metal layer calculated as [16] 
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where n is the unit normal vector on the metal line surface in 
direction to the magnetic layer, and j is charge current density 
vector. 

 

Figure 2.   Schematic illustration of cross-point architecture for the 
switching of the soft magnetic layer by means consecutive orthogonal sub-
nanosecond current pulses. 



 

Figure 6.  Schematic illustration of the dependence of the switching probability for the “two write pulses” 
scheme on the current and pulses width. The dependences are shown for four current values: 20 A, 30 A 
40 A, and 50 A. For switching probability estimation, 100 simulations of switching were performed on 
each combination of pulses’ widths. 

Figure 7.  Switching time for the “two write 
pulses” scheme as a function of the pulse width t1 
for five current values. 

The local effective magnetic field is calculated as [17] 

msampthdemagexchaniexteff hhhhhhhh ,   (4) 

where hext is the external field, hani is the magnetic anisotropy 
field, hexch is the exchange field, hdemag is the demagnetizing 
field, hth is the thermal field, hamp is the Ampere field, and hms 
is the magnetostatic coupling between the pinned layers and 
the free layer.  

IV. RESULTS AND DISCUSSION 
Simulations have been performed for a 52.5×12.5nm2  

CoFeB(2nm) soft layer which is sandwiched between 
-Tungsten(3nm) spin Hall metal bar lines (Fig.1a). The other 

model parameters are: T=300K, Ms=8.9·105A/m, A=1·10-11J/m, 
K=2·103 J/m3, =0.005 [18], and SHE=0.3 [19]. 

To prove the efficiency of the proposed switching method it 
is necessary to show the absence of switching in the case of 
using only one from the two pulses, as it is an unwanted event 
and leads to the loss of information in half-selected cell at the 
cross-point architecture (Fig.2). 

In all our simulations the first pulse width ranges from 0.01 
to 0.1ns. These ranges of pulse widths are not sufficient to tilt 
the magnetization from the initial state by a large enough angle 
to switch the free layer. Thereby, we examine the switching by 
two schemes, the single “write pulse 2” and the “two write 
pulses” scheme. As expected, switching occurs in both cases 
(Fig.3). But for the “two write pulses” scheme the small initial 
angle provided by the first pulse leads to a reduction of the 
second pulse duration required for switching the free layer to a 
new state. As our simulations show (Fig.4), the switching 
probability for the proposed “two write pulses” scheme is 1, 
when the second pulse width ranges from 2.63 to 5.5ns 
(depending on the first pulse width). These pulse durations are 
shorter than the respective value of 6ns required to achieve the 
non-zero switching probability, when the “write pulse 2” 

scheme is used. This excludes unwanted switching in half-
selected cells (for a current of 10 A). 

Our simulations show, that in the case of using the “write 
pulse 2” scheme, the increase of the current leads to a drastic 
reduction of the switching time (Fig.5). Therefore, we also 
investigated the influence of the pulse width and the current 
value on the switching occurrence for the “two write pulses” 
scheme. Our results indicate that increasing the current value 
shifts the area where switching is observed towards the region 
with lower pulse widths (Fig.6) and also leads to a reduced 
dependence of the switching time on the first pulse width 
(Fig.7). To note, increasing the current value to 40 A 
accelerates switching under half a nanosecond (Fig.7 and Fig.8, 
left) while still preserving half-selected cells from unwanted 
switching (Fig.8, right), which allows cells sharing the same 
heavy metal lines and use select transistors (or diodes) only for 
read operation. Potential memory cell architectures with this 
switching method are shown in Fig.9. 

V. CONCLUSIONS 
We demonstrated a new method of soft magnetic layer 

switching and potential 1Transistor-1MTJ memory cells 
architectures utilizing this switching method. Our analysis of 
the proposed method shows a wide range of currents and write 
pulses’ widths, which could be used for soft magnetic layer 
switching and do not lead to switching in half-selected cells. 

 

REFERENCES 
 

[1] A. Makarov, V. Sverdlov, and S. Selberherr, “Emerging memory 
technologies: Trends, challenges, and modeling methods,” 
Microelectronics Reliability, vol. 52, pp. 628 – 634, 2012. 

[2] G. Prenat, K. Jabeur, G. Di Pendina, O. Boulle, and G. Gaudin, “Beyond 
STT-MRAM, spin orbit torque RAM SOT-MRAM for high speed and 
high reliability applications,” in Spintronics-based Computing, W. Zhao 
and G. Prenat, Eds. Springer, 2015, pp. 145-157. 



 

Figure 8.  (a) Switching time as a function of current. (b) The difference between the minimum value of the pulse width t2 required to achieve a non-zero 
probability of switching by using the "write pulse 2" scheme ( 1-3 1) and a value of the pulse width t2 needed to achieve guaranteed switching with the "two 
write pulses" scheme ( 2+3 2) as a function of current. 

 

 
Figure 9. Schematic illustration of two memory cell structures with switching of the free layer based on the proposed
"two write pulses" scheme. 

[3] D. Suzuki and T. Hanyu, “Nonvolatile field-programmable gate array 
using 2-Transistor-1-MTJ-cell-based multi-context array for power and 
area efficient dynamically reconfigurable logic,” Japanese Journal of 
Applied Physics, vol. 54, 04DE01, 2015.  

[4] S. Fukami, H. Sato, M. Yamanouchi, S. Ikeda, F. Matsukura, and H. 
Ohno, “Advances in spintronics devices for microelectronics - From 
spin-transfer torque to spin-orbit torque,” ASP-DAC, 684 – 691, 2014. 

[5] C. Zhang, M. Yamanouchi, H. Sato, S. Fukami, S. Ikeda, F.Matsukura, 
and H. Ohno, “Magnetization reversal induced by in-plane current in 
Ta/CoFeB/MgO structures with perpendicular magnetic easy axis,” 
Journal of Applied Physics, vol. 115 (17), 17C714, 2014. 

[6] S. Fukami, T. Anekawa, C. Zhang, H. Ohno, “Proposal and 
demonstration of a new spin-orbit torque induced switching device,” 
INTERMAG, BB–06, 2015. 

[7] K. Obata and G. Tatara, “Current-induced domain wall motion in 
Rashba spin-orbit system,” Physical Review B, vol. 77, 214429, 2008. 

[8] A. Manchon and S. Zhang, “Theory of nonequilibrium intrinsic spin 
torque in a single nanomagnet,” Physical Review B, vol. 78, 212405, 
2008. 

[9] K.-W. Kim, S.-M. Seo, J. Ryu, K.-J. Lee, and H.-W. Lee, 
“Magnetization dynamics induced by in-plane currents in ultrathin 
magnetic nanostructures with Rashba spin-orbit coupling,” Physical 
Review B, vol. 85, 180404, 2012. 

[10] X. Wang and A. Manchon, “Diffusive spin dynamics in ferromagnetic 
thin films with a Rashba interaction,” Physical Review Letters, vol. 108, 
117201, 2012. 

[11] S.-M. Seo, K.-W. Kim, J. Ryu, H.-W. Lee and K.-J. Lee, “Current-
induced motion of a transverse magnetic domain wall in the presence of 
spin Hall effect,” Applied Physics Letters, vol. 101, 022405, 2012. 

[12] L. Liu, O. J. Lee, T. J. Gudmundsen, D. C. Ralph, and R. A. Buhrman, 
“Current-induced switching of perpendicularly magnetized magnetic 
layers using spin torque from the spin Hall effect,” Physical Review 
Letters, vol. 109, 096602, 2012. 

[13] K.-S. Lee, S.-W. Lee, B.-C. Min, K.-J. Lee, “Threshold current for 
switching of a perpendicular magnetic layer inducedby spin Hall effect,” 
Applied Physics Letters, vol. 102 (11), 112410, 2013. 

[14] K.-S. Lee, S.-W. Lee, B.-C. Min, K.-J. Lee, “Thermally activated 
switching of perpendicular magnet by spin-orbit spin torque,” Applied 
Physics Letters, vol. 104 (7), 072413, 2014. 

[15] A. Giordano, M. Carpentieri, A. Laudani, G. Gubbiotti, B. Azzerboni 
and G. Finocchio, “Spin-Hall nano-oscillator: A micromagnetic study,” 
Applied Physics Letters, vol. 105, 042412, 2014. 

[16] S. Emori, U. Bauer, S.-M. Ahn, E. Martinez, and G. S. D. Beach, 
“Current-driven dynamics of chiral ferromagnetic domain walls,” Nature 
Materials 12, 611–616, 2013. 

[17] A. Makarov, V. Sverdlov, D. Osintsev, and S. Selberherr, “Fast 
switching in magnetic tunnel junctions with two pinned layers: 
micromagnetic modeling”, Transactions on Magnetics, vol. 48, 1289, 
2012. 

[18] M. Iwayama, T. Kai, M. Nakayama, H. Aikawa, Y. Asao, T. Kajiyama, 
S. Ikegawa, H. Yoda, A. Nitayama, “Reduction of switching current 
distribution in spin transfer magnetic random access memories,” Journal 
of Applied Physics, vol. 103, 07A720, 2008. 

[19] C.-F. Pai, L. Liu, Y. Li, H. W. Tseng, D. C. Ralph, and R. A. Buhrman, 
“Spin transfer torque devices utilizing the giant spin Hall effect of 
tungsten,” Applied Physics Letters, vol. 101, 122404, 2012. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


