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Spintronic phenomena and components
Frequency vs Time
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Magnetic field (kOe)
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Fe/Cr  multilayers

P

PAP
R

RRGMR −
=

Birth of spin electronics : 
Giant magnetoresistance discovery (1988)

Antiferromagnetically coupled multilayers

Fe
Fe
Fe
Fe
Fe

Cr
Cr
Cr
Cr

H=0 H=+HsatH=-Hsat

A.Fert et al, PRL (1988);
P.Grunberg et al, patent (1988)+PRB (1989) Nobel Prize 2007

GMR due to spin-dependent scattering in the bulk or at the interfaces of the magnetic layers
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Benefit of GMR in magnetic recording

GMR spin-valve heads
from 1998 to 2004



Symposium I.E.Dzyaloshinskii 09/09/2011 B.Dieny

Magnetic tunnel junctions – Tunnel magnetoresistance

Magnetic Tunnel junction

Reference layer :CoFe
3nm

Storage layer: CoFe 4 
nm

IrMn 7nm

Al2O3 barrier 1.5nmor

NiFe
CoFeAl(Zr)Ox

CoFe
IrMn

NiFe

Structure of a magnetic tunnel junction

Acts as a couple polarizer/analyzer with the spin 
of the electrons.

•First observation of TMR at low T in MTJ:
Julliere (1975)  (Fe/Ge/Co)
•TMR at 300K : 
Moodera et al, PRL (1995); 
Myazaki et al, JMMM(1995).
in AlOx based junctions

ΔR/R~50%
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S.S.P.Parkin et al, Nature Mat. (2004), nmat1256.
S.Yuasa et al, Nature Mat. (2004), nmat 1257.

Very well textured MgO barriers grown by sputtering or 
MBE on bcc CoFe or Fe magnetic electrodes, or on 
amorphous CoFeB electrodes followed by annealing to 
recrystallize the electrode.

Yuasa et al, APL89, 
042505(2006)

Giant TMR of MgO tunnel barriers
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Above CMOS technology

• Resistance of MTJ compatible with 
resistance of passing FET (few kΩ)

• MTJ can be deposited in magnetic 
back end process

• No CMOS contamination

• MTJ used as variable resistance 
controlled by field or current/voltage 
(Spin-transfer)

•Commercial CMOS/MTJ products 
available from EVERSPIN since 2006 
(4Mbit MRAM)
Implemented in Airbus flight controller

Cross-section of Freescale (Everspin)
4Mbit MRAM based on field switching

Magnetic Tunnel Junctions (MTJ):
a reliable path for CMOS/magnetic integration
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M.D.Stiles et al, 
Phys.Rev.B.66, 
014407 (2002)

Conduction electron flow

Polarizing layer Free layer

Conduction electron flow

Polarizing layer Free layer

~1nmCo CoCu

Giant or Tunnel magnetoresistance: 
Acting on electrical current via the magnetization orientation

Spin transfer is the reciprocal effect: 
Acting on the magnetization via the spin polarized current

Reorientation of the direction of polarization of current via incoherent
precession/relaxation of the electron spin around the local exchange field

⇒ Torque on the free layer magnetization

Spin-transfer
Predicted by Slonczewski (JMMM.159, L1(1996)) and Berger (Phys.Rev.B54, 9359 (1996))
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Magnetization dynamics: Effective field + spin-torque

Heff
Precession from 
effective field

Current-induced torque
(Spin-torque)

Damping torque (intrinsic Gilbert damping α)

M

Effective field term
(conserves energy)

Gilbert 
Damping term

Spin-torque term:
damping
(or antidamping) term

( ) ( )
dt

dMMMMMaIMbIHM
dt

dM
ppeff ×+××++×−= αγγ    .    .

Non conservative( Modified LLG)

Slonczewski (JMMM.159, L1(1996)) and Berger (Phys.Rev.B54, 9359 (1996)), Stiles, Levy, Fert, Barnas, Vedyaev

Polarizer M
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By spin transfer, a spin-polarized current can be used to manipulate the 
magnetization of magnetic nanostructures instead of by magnetic field.
⇒Can be used as a new write scheme in MRAM
⇒Or to generate steady state oscillations leading to RF oscillators
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Magnetization switching induced by a polarized current

jcP-AP=1.9.107A/cm²
jcAP-P=1.2.107A/cm²

Katine et al, Phys.Rev.Lett.84, 3149 (2000) on Co/Cu/Co sandwiches (Jc ~2-4.107A/cm²)
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Kiselev et. al., 
Nature 425,
p. 380 (2003)

Rippard et. al., 
Phys. Rev. Lett. 92, 
p. 27201 (2004)

ΔUac

Idc

Q=18200 Q=2700

Steady magnetic excitations induced by a polarized current

Interesting for RF components (frequency tunable RF oscillators, RF spin-diodes)
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Logic circuits

Memories

“1” “0”

Rlow RhighR(H)

Magnetic field sensors Freescale 4Mbit

Write/read heads

VDD

MP2MP1

BL0 BR0
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Sen
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RF components

Cu

PtMn
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(Pt/Co)

J

Spintronic components
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Principle : 
Store data by the 
direction (parallel 
or antiparallel) of 
magnetic layers in
MTJ

"1"

"0"

Writing

Reading

Transistor 
ON

Bit line

Word lineTransistor OFF

Non-volatile 
storage

element: MTJ

Selectivity achieved by combination of two perpendicular magnetic fields

Field induced magnetic switching (FIMS) MRAM

Freescale
4Mbit 
(2006)

Not scalable below 65nm because of electromigration issuesIn Airbus flight controllers
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Thermally Assisted (TAS) STT-TAS

Hx

Hy

Field-driven STT (STT MRAM)
Perpendicular

Precessional

DW motion
Planar

Rashba

Several new generations of MRAM
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•Use temperature-dependence of switching ability 

Thermally Assisted switching (TAS)

Write at elevated temperature
Store / read at room temperature

•Same basic concept as in Heat Assisted 
Magnetic Recording. Allows extending the 
areal density of stored information (smaller bits) 
without requiring higher field to write

• In MTJ for MRAM,  heating produced by Joule dissipation around the tunnel barrier.
• Write temperature~250°C

Plasmonic antenna
for local heating 

20nm
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Thermally assisted writing in TA-MRAM

Heating
+

Field~2.5mT

ON

Magnetic field
for switching

Temperature
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Exchange biased storage layer

High TB
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MISM  - Moscow – 23rd August 2011 B.Dieny

Agreement to manufacture Crocus TA-MRAM products on 
Tower Semiconductors 130nm Cu Fab2
Both standalone and embedded products will be addressed
Start with 1Mb stand-alone SRAM compatible product, 
sampling in progress (1H’11)

• 128Kx8 1Mbit MRAM w/ asynchronous SRAM interface
130nm / 3.3V industry-standard CMOS front-end
4 metals + magnetics

• Timings comparable to C3 SRAM
Read cycle time ~20ns, write cycle time 40ns  

• Low power architecture specific to TAS cell operation
Icc Write ~35mA

• Commercial T-range (0-85°C)

Migrating to 4Mb 2H’11
Potentially going down to

~10F²
Icc write ~5mA
10ns R/W cycle

CROCUS 1-4MB PRODUCT
(Field-TAS)
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Combining spin-transfer with thermally assisted writing

The same bipolar current flowing through the cell is used to both temporarily 
heat the cell and apply a spin transfer torque to switch the magnetization of the 
storage layer.

OFF

"0" Heating + Switching Cooling

ON OFF

"1"

OFFONOFFOFFOFF

Heating+
Switching by STT

Experimental demonstration:

Approach offering the ultimate scalability (sub-15nm cell-size possible)
with stability of information over 10 years.  
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Increasing interest for MRAM in microelectronics industry

International Technology Roadmap of Semiconductors-ERD  2010:

0

2000

4000

6000

8000

1 104

1998 2000 2002 2004 2006 2008 2010 2012
N

b 
pu

bl
ic

at
io

ns
+b

re
ve

ts
Année

www.scirus.com    Mot clé:  "MRAM"

N
b

pu
bl

ic
at

io
ns

 a
nd

 p
at

en
ts

 
“M

R
A

M
”
Year

co
nt

ai
ni

ng



Symposium I.E.Dzyaloshinskii 09/09/2011 B.Dieny

Increasing interest for MRAM in microelectronics industry
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RF oscillator with perpendicular to plane polarizer:

Cu

PtMn
Cu

CoFe
CoFe

Al2O3

(Pt/Co)

J

(SPINTEC  patent + Lee et al, Appl.Phys.Lett.86, 022505 (2005) )

D.Houssamedine et al,
Nat.Mat 2007

Injection of electrons with out-of-plane spins;
Steady precession of the magnetization
of the soft layer adjacent to the tunnel barrier. 

Precession (2GHz-40GHz) + Tunnel MR   ⇒ RF voltage
Interesting for frequency tunable RF oscillators ⇒ Radio opportunism

RF components based on spin transfer
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Spin-transfer RF oscillators: linewidth and phase noise 

Still too large for practical applications but steady progress thanks to optimization 
of stack composition and shape

Frequency vs Time
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Influence of thermal fluctuations on 
magnetization dynamics and pillar edge modes
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Increasing magnetic volume of oscillator, locking of several oscillators, locking on 
external source, feedback with PLL…
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Rippard et al, PRB70, 100406 (2004)

CoFe 20nm (fixed)/Cu 4nm/NiFe 5nm (free)

IDC+IAC 10.86GHz 410μA RMS

Phase locking phenomenon:

DC current, no AC drive

RF components based on spin transfer

Locking on an external source
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RF components based on spin transfer (cont’d)

Phase locking phenomenon: Locking of two oscillators together

Co 20nm

NiFe 5nm
Cu 2nm

Locking via spin-waves propagating from one STO to 
the other

Larger emitted power and narrower linewidth when the STOs are locked

S.Kaka et al, Nature 437, 389(2005)
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WHAT’S NEXT ?

Courtesy Sam Bader

Magnetic
Field 
Control
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Conclusion

• GMR discovery has triggered the development of  spin-electronics. 

Played a key role in magnetic recording and other sensor applications;

• For CMOS/magnetic integration, MTJ offers more suitable impedance

~ few kΩ and larger magnetoresistance than GMR;
• Spin-transfer offers a new way to manipulate the magnetization of 

magnetic nanostructures (switching, steady excitations);

• Increasing interest for MRAM in microelectronics industry; renewal of 
magnetism industry in particular in Europe.

• Besides MRAM, CMOS/MTJ integration quite interesting for logic, 
innovative computer architecture, frequency tunable RF oscillators.

• Lot of emerging topics in spin-electronics covering a broad spectrum 
from basic research to applications.
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