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Spin Torque Random Access Memory 
Working Principle
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long time thermal 
reversal region, 
stable energy ~H cV

short time dynamic 
reversal region,
switching filed ~H c
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Magnetic field switching

First Challenge of Magnetic Devices                  
Scaling Down

As magnetic device scales down, achieving fast nano second time scale magnetization 
switching and maintaining thermal stability at seco nd to years time scale become a  
fundamental challenge 

Field driving: switching field scales up with 1/vol ume 
or 1/surface dimension
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Square: measurement
Curve: model

Spin torque switching

Spin torque driving: switching current density scal es up 
with 1/volume or 1/surface dimension
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Second Challenge of Magnetic Devices
Scaling Down

The increased variability due to 
device size shrinking brings another  
fundamental challenge 

Hard disk drive media: writing transition follows g rain 
boundary, zig-zag gives media transition noise

Spin torque MRAM device to device variations
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Square: measurement
Curve: model
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Switching current variation

Switching time variation

Switching Mean and Variation Characterization

As time scales down, switching times 
variation decreases and switching 
current variation increases

Reference:
1)X.Wang, Y. Zheng, H. Xi and D. Dimitar,  J. App. 
Phys. 103, 034507, 2008
2) X. Wang, W. Zhu, S. Markus, D. Dimitrov, IEEE.
Trans. on Magn., vol.45(4), 2038, 2009
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Spin Torque Switching Asymmetry
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Spin torque switching asymmetry for a field balance d MTJ stack
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) Switching from parallel to antiparallel state

Switching from antiparallel to parallel state

Reference: X.Wang, W. Zhu and D. Dimitar,  Phys. Rev. B, 79, 104408, 2009.

Combing quantum electron and spin transport and sto chastic 
magnetization dynamics model
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Switching Asymmetry Characterization Through 

Quantum Spin and Electronic Transport

Modeled 

TMR vs bias voltage
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Voltage (V)
Symmetry in electronic transport and 
asymmetry in spin torque transport

In-plane torque is not symmetric between positive 
and negative bias voltage.

Out-of-plane torque is symmetric between positive 
and negative voltage biasing.  However, its 
contributions to the magnetization switching are 
exactly opposite.

help switching deter switching

Reference: X.Wang, W. Zhu and D. Dimitar,  Phys. 
Rev. B, 79, 104408, 2009.
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SPRAM System Modeling: Dynamic SPICE-
MICROMAGNETIC Model
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Importance of Coupled Dynamics:        
Example of Design Margin for TSMC 90nm

Static approach results 20.5% pessimism on cell area size design
Ref: Y. Chen, X. Wang, H. Li, D. Dimitar, H. Liu,  
International Symposium on Quality Electronic Design, 2008.

Black: MTJ dynamic switching considering MTJ and CMOS coupling
Blue:   MTJ switching without coupling to CMOS using         (optimistic, not allowed)
Red:    MTJ switching without coupling to CMOS using         (significant pessimistic)
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Spin Torque Random Access Memory Down to 
22nm Technology Node 

Tech 
Node

TX width 
(nm)

VDD 
(V)

Area factor 
F2

MTJ length 
(nm)

MTJ width 
(nm)

MTJ thickness 
(nm)

Ms 
(emu/cc)

Rmax 
(Ohm)

Rmin 
(Ohm)

RA_min 
(Ohm(um) 2̂) Ic (uA) KV/kT

Technology 
Requirement

90 885.0 1.2 32.5 110 60 2.2 1000 1200 600 4.0 300 52 current 
45 272.8 1.0 21.2 90 40 2.3 1000 2000 1000 3.6 170 52 scale down
22 105.8 1.0 17.4 45 22 3.2 1200 3000 1500 1.5 100 50 scale down
22 75.0 1.0 13.2 45 22 3.2 1200 3000 1500 1.5 75 50 mag solution1,2
22 45.0 1.0 9.1 22 22 2.0 1200 3000 1500 1.5 54 50 mag solution 3
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22nm x 75nm CMOS22nm x 45nm MTJ, 13.2F2

22nm x 45nm CMOS22nm x 22nm MTJ, 9F2

9F2 layout for 22nm technology 
node

Switching current 
reduction requirement for 
MTJ is mainly determined 
by  CMOS driving strength 
decreasing 

Ref: X. Wang, Y. Chen, H. Li, D. Dimitar, H. Liu,                          
IEEE Tran. On Magn.,  44(11),  2470,  2008
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Current Reduction Opportunity I: 
Magnetic Properties
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Current Reduction Opportunity I: 
Magnetic Properties
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Current Reduction Opportunity II: Increasing Spin T orque 
Efficiency with Quantum Confinement Effects
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Current Reduction Opportunity II: Increasing Spin T orque 
Efficiency with Quantum Confinement Effects
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Current Reduction Opportunity III: Decreasing Dampi ng Through 
Interfacial Tunneling Properties

Increase insulating layer thickness 
only, 
RA increases 5 times, 
critical switching voltage 
only increases 2.5 times

Ref: X. Wang, W. Zhu, Y. Zheng, Z. Gao, H. Xi,  INTERMAG 2009, IEEE Tran. On Magn.,  2009.

MTJ with spin moment 
conservation layer between free 
layer and top cap layer

More opaque barrier, less 
magnetization precessing induced 
spin pumping, effective damping 
reduction
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Optimal time varying polarization direction solution
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Black spiral: magnetization motion

Blue arrow: polarization direction (fixed)
Red arrow:  optimal polarization direction (time va rying)

Current Reduction Opportunity IV: Time and 
Spatial Varying Polarized Current Excitation 
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Example of spatially confined polarized 
current switching:               

The current density increases is smaller 
than surface area reduction, resulting 
an effective current reduction

Current Reduction Opportunity IV: Time and 
Spatial Varying Polarized Current
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Current Reduction Opportunity V: Coupled 
Elements and Non-uniform Magnetization 

Hard magnetic layer to 
keep thermal stability

Soft magnetic layer to decrease 
switching field/current magnitude

Example 

Hk1=15000Oe, Hk2=0Oe, 

M s1=Ms2=500emu/cc,   

Hex=8000Oe

Magnetic Field Switching 
Magnetic field switching decreases ~ 0.3 times
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For spin torque excitation averaged within the whole 
volume, switching current decreases ~0.65 times 

Current reduction depends upon spin torque 
profile in the vertical direction

Combined microscopic spin transport and 
macroscopic magnetization dynamics are 
required to study magnetization switching

How about ?
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Current Reduction Opportunity VI: Thermal 
Spin Torque Switching 

Surface anti-ferromagnetic coupled (AFC) magnetic layer with relatively low Curier temperature:
At room temperature, the AFC coupling provides surface anisotropy to maintain thermal stability of the square magnetic 
element. 
During the writing process, the joule heating of spin torque current raises temperature of AFC surface magnetic layer above 
Curier temperature and the AFC induced surface anisotropy disappears. The element can be switched at low threshold current. 
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Write current decreases with decreasing memory element dimension D.  Meanwhile, the MTJ resistance increases 
with decreasing memory element dimension.  For a given technology node, an optimal memory cell size can be 
found due to the tradeoff between critical switching current and MTJ resistance

Required heating current

Ref: H. Li, H. Xi, Y. Chen, J. Stricklin, X. Wang, T. Zhang, VLSI, IEEE Computer Society Annual Symposium on, pp. 217-222, 2009 
IEEE Computer Society Annual Symposium on VLSI, 2009.
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Variation Controlling at Device Level
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New sensing scheme that better tolerates 
device resistance variation.

Example of dependence of readout 
error on MTJ resistance variation:

Blue: conventional sensing scheme
Red: new sensing scheme
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Variation Controlling at Device Level
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Ref: Detailed scheme and analysis are in the publication process
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Variation Controlling at System Level

Reduce switching current requirement by intentional ly move away from worst case scenario design

Ref: W. Xu, Y. Chen, X. Wang, and T. Zhang, “Improving STT MRAM Storage Density through Smaller-

Than-Worst-Case Transistor Sizing”, to be presented at 46th Design Automation Conference, 2009.
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Variation Controlling at System Level

a smaller-than-worst-case transistor sizing approac h.  For 256Mb SPRAM design at 45nm node, under 
a normalized write current threshold deviation of 2 0%, the overall memory die size can be reduced by 
more than 20% compared with the conventional worst- case transistor sizing design.
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Conclusions

� Two fundamental challenges for spin torque random access memory

� Characterize magnetization switching at widely separated time and 
spatial scales for SPRAM, combining circuit dynamics with magnetization 
dynamics, combining quantum transport with macroscopic magnetization 
dynamics

� Research and development opportunities for switching current reduction 
and variation controlling. 


