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Spintronic basis 
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Electronic Spintronic 

information is conveyed using 

electron charge (e-) . Generation, 

manipulation, detection of charge 

currents: flow of electrons 

The most used material is 

semiconductor (Si) 

information is conveyed through 

electron spin (e↓ or e↑). Generation, 

manipulation, detection of spin 

currents: flow of magnetic moments. 

The material of choice is 

ferromagnetic alloy (Fe, Co, Mg) 

Albert Fert & Peter Grunberg,   

was awarded the 2007 Nobel Prize 

Electron spin 

Magneto resistance effect in 

multi layer stack 

R↑↑ < R ↑↓ 
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“Giant Magnetoresistance of (001)Fe(001)Cr  

Magnetic Snperlattices” (1988)  



Free layer magnetization 
dynamics during writing process 

𝑴 

MTJ a spintronic device 
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A Magnetic Tunnel Junction  

is the basic device used for storing information in a MRAM 

Free Layer 

Reference 
Layer 

R ↑↓ R↑↑ 

AP state = 1 P state = 0 

Oxide layer 

MTJ resistive states 

𝑴 magnetization vector  
of a ferromagnetic layer  

R↑↑ < R ↑↓ 

𝑇𝑀𝑅 =  
R

 ↑↓ 
−R↑↑

R↑↑

 

I I 
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MTJ stack 



Spin Transfer Torque effect 
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Manipulating an electrical current  

with a magnetization 

e↑ 

𝑴 
Manipulating a magnetization  

with an electrical current 

e↑ 

Ferromagnetic 

 layer 

Acts as a free layer 

Acts as a reference layer 

e↑ 
e↑ 

𝑴 

e↑ 

e↑ 

Mechanism used for the writing process in a STT-MRAM 
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Spintronic devices roadmap 
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Use electron spin added to 

its electric charge   

Standalone MRAM, 

TMR (early 00’s) 

HDD, GMR 

(early 80’s) 

Embedded STT-MRAM & 

Distributed non-volatility within logic 

(development) 

 

Field Induced  

Magnetic Switching 

(FIMS, Toggle) 

Thermally  

Assisted Switching 

(TAS) 

Spin Torque  

Transfer 

(STT) 

…Spin Orbit  

Torque 

(SOT) 
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STT-MRAM advantages 
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MRAM is not the best but …    Can replace SRAM at 1/6th of size, zero leakage 

                 Can replace e-Flash at >105x speed, lower  power  

                 Can replace DRAM (if running out of steam) 

R/W speed < 10-100ns 

Endurance >1012 
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SPICE model development flow 
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SPICE 

simulator 

Physics 

TCAD 

SPITT 
core 

SPICE model SPITT  

(Spintec sPIn Transfer Torque) 

 

Magnetic Tunnel Junction model 

Modes (accuracy vs. speed) 

Physical phenomenon 

Extraction/fit module 

Dedicated fitting algorithm 

STT-MRAM 

Raw data 
Model card 

 

  parameters 

corners and statistic 



Writing: LLG model 
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Field term 

(precession) 

Gilbert 

Damping 

Spin torque 

(antidamping) 

Field-torque Gilbert Damping Spin-torque  

   
dt

Md
MMMMaIMbIHM

dt

Md
ppeff   ..

Zeeman 
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Landau Lifshitz Gilbert 

approach 

Pros Cons 

Transient Accuracy  

@ pico second 

Slow RunTime 

Convergence issue with 

fast spice simulators 

𝑴 

R
es

is
ta

n
ce

 

Time 

STT-MRAM 

iP or Pe 

Perpendicular in Plane 



Hosomi & al, Sony, 4Kbit demo (2005) 

t 

Writing: Analytical model 
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STT-MRAM 

iP or Pe 

Perpendicular in Plane Analytical approach  

= LLG linearization @ switching point 

Pros Cons 

Fast runTime Transient Accuracy  

@ sub nano second 

Easiest for silicon 

calibration 
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LLG vs Analytical 
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-60 

60 

0.0 

IMTJ (µA) 

0 10 20 30 40 50 Time (ns) 

IWRITE Pe_STT-MRAM < IWRITE iP STT-MRAM  (2-3 times) 

  

-1 
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+1 

State ≡ R (analytical) 
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State ≡ R (LLG) 

-1 

0 

+1 

0 10 20 30 40 50 Time (ns) 

0 

+1 

Accurate enough  

for IC design 

K. Jabeur, F. Bernard-Granger, G. D. Pendina, G. 

Prenat, and B. Dieny, 

Electron. Lett., vol. 50, no. 19, pp. 1353–1355, 2014. 



Reading: conductance model 
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𝑅𝑝 𝑣, 𝑇 =
𝑅𝐴0

𝑆
.

1

𝑔 𝑇 . 1 − 2𝛽𝑣 + 3𝛿𝑣²
 

TMR 𝑣, 𝑇 = TMR0.
2𝑃(𝑇)²

1 − 𝑃(𝑇)²
.

1

1 − (
𝑣

𝑣𝐻
)²

) 

𝑅𝑎𝑝 𝑣, 𝑇 = 𝑅𝑝 𝑣, 𝑇 . 1 + 𝑇𝑀𝑅(𝑣, 𝑇)  

Slonczewski + Brinkman  

𝑔 𝑇 =
𝐶. 𝑇

sin 𝐶. 𝑇
. (1 − 𝑃(𝑇)²) 

Rap = R
 ↑↓ Rp = R↑↑ 

Pe_STT-MRAM 

R - V I - V 



SPICE model development flow 
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SPICE 
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SPITT Spice model 
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Spintec sPIn Transfer Torque model 
Compatible with Pe_STT-MRAM device  

(extension possible for ip_STT-MRAM) 

Objectives 
Accurate & Predictive 

VLSI design compatible (embedded MRAM > 100MB) 

Implementation Language 
VerilogAMS (Version 2.3.1) 

Compatibility 
Commercial Spice and FastSpice simulator 

Commercial silicon calibration tools  

 

 



Code topology 
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PL 

FL 

C 

R(v,i) 

R=RP 0 

R=RAP1 

mState 

Simulation modes 

   DC analysis 

   Transient analysis 

MTJ Symbol 

PL 

Instance parameters (9) 
Radius, initialState … 

Material 

parameters (15) 
MS , KU , Α 

εOX … 

SPITT macro model 
Physics law: 

- Demagnetizing energy 

- Electron polarization 

- Critical current 

  Neel-Brown for stochastic mode 

  Sun for ballistic mode 

- Tunnel conductance (Simmon /  

     Slonczewski / Brinkman) 

- Break down voltage 

- Retention time  

FL 

mState 

Electrical 

parameters (6) 
R□, TMR0, VH … 

External parameters 

Algorigramm 

t1= t0+Δt 

|i(t1)| ≥ |Ic| ?   

yes 

|i(t1)|≠0 ? 

τ= t1 - t0 

yes 

no 

 Switching 

RP RAP or 

RAP RP 

no 

 Retention 

RP RP or 

RAP RAP 

Ic=ISW(τ)  

𝑅𝑝 𝑣, 𝑇  

TMR 𝑣, 𝑇  

i= v/R 



STT-MRAM bitcell simulation 
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V1 = Bit line voltage 
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n
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MTJ curent 

A
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State 

GND 

V1 

MTJ 

current 

State 



SPICE model development flow 
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SPICE 

simulator 

Physics 

TCAD* 

SPITT 
core 

SPICE model SPITT  

(Spintec sPIn Transfer Torque) 

 

Magnetic Tunnel Junction model 

Modes (accuracy vs. speed) 

Physical phenomenon 

Extraction/fit module 

Dedicated fitting algorithm 

STT-MRAM 

Raw data 
Model card 

 

  parameters 

corners and statistic 



• Global corners (PVT simulations) 

–  5 corners (based on RA, TMR, ISW) 

• Local Mismatch (MC simulations) 

 

Model cards 
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RESISTANCE vs TMR 

SWITCHING CURRENT 



Calibration with respect to MRAM foundry data 

Model calibration 
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    Silicon Data 

-  SPITT model 

IV butterfly curve (DC) 
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SPICE model development flow 
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• OA Library (Cadence) 

– Component Description Format 

– Layout + symbol views 

 

 

• Simulators 

Qualified environment  
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Vendors SPICE FAST SPICE 

Cadence SPECTRE ULTRASIM 

Synopsys HSPICE FINESIM 

Keysight ADS NA 



Design validation 

23 March 12, 2015 SPITT a compact model for MRAM   -   Fabrice BERNARD-GRANGER 

Simulated 

instances 

128 kb 

256 kb 

1 Mb 

3.5 Mb 

….. 

• Full STT-MRAM = Bit Cells + all CMOS 

logic / analog 

A
rb

it
ra

ry
 U

n
it

 

clk 

masterControl 

IMTJ 

state 

data (to write) 

data (to read) 

Word line voltage 

Xsleep,  

Ysleep (power management) 

W
ri

te
 “

1
” 

R
ea

d
 “

1
” 

W
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te
 “

0
” 

R
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d
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0
” 

MRAM Cell  

= MTJ + Nmos transistor  
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• SPITT = MTJ SPICE core model ready 

for IC-design 

• Validated/calibrated on real STT-MRAM 

foundry raw data 

 

• Evaluate self heating impact 

• Improve the qualification (extreme 

voltages/current/temperature …) 

• Improve integration in commercial 

simulator engines 

Conclusions and perspectives 
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SPITT a Magnetic Tunnel Junction  

SPICE compact model for STT-MRAM 

Fabrice BERNARD-GRANGER1, Bernard DIENY2,  

Raphaël FASCIO2 and Kotb JABEUR1 

1 eVaderis, 2 Spintec-CEA 
 

Spintronics is an emerging technology with promising solutions to overcome the 
limits of purely CMOS based VLSI circuits and systems. The magnetic tunnel junction 
(MTJ) is the cornerstone of spintronics, it is often associated to Magnetic-RAM 
(MRAM), but it can also be extended to logic. This technology exploits the spin 
characteristics of the electron, in addition to its fundamental charge, in order to 
perform complex electronic operations. SPITT (Spintec sPIn Transfer Torque) is a 
SPICE compact model of the MTJ, recently developed at CEA-SPINTEC laboratory, in 
order to address both device and full integrated circuit design. It is based on physical 
models to accurately predict the device behavior. The development has been widely 
driven with the objective to be integrated into a standard IC-design flow. To do so, the 
model is written in Verilog AMS language, which allows to run on different 
commercials SPICE and FAST SPICE simulators engines. On top of the core 
model development, eVaderis is currently developing a methodology to write a 
complete model card (including mismatch and corners) based on state of the art 
foundry silicon data. 

Abstract 
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