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Giant Magneto Resistance

Introduction

Giant Magneto Resistance (GMR) 

– Basic structure and GMR effect

– Definition of magneto-resistance MR% 

– Performance of a GMR superlattice 

Dependence of exchange coupling 

on spacer thickness 

– Comparison of configurations

Current-perpendicular-to-plan (CPP)

Current-in-plan (CIP) 
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Giant Magneto Resistance

GMR and basic structures

Magneto-resistance MR%:

GMR: DR/R as high as 50% (Rm Temp) 

Normal MR: typical materials << 5%

Three essential elements to get the GMR effect

Two ferromagnetic (FM) metal layers

One non-magnetic layer
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Giant Magneto Resistance

Two ferromagnetic metal layers

Ferromagnetic + Metallic

– Electrons in the metal conduction band  Conduction 

– Spin of the electrons  Magnetisation 

– Difference of spin-related electron populations  GMR

(     different scattering cross-sections 

between  and )



Spin Spin

Giant Magneto Resistance

One non-magnetic layer 

The Spacer

– Separation between the two FM layers

 Strength of exchange coupling 

– Conductive spacer  Spin Valve, Pseudo-Spin Valve 

– Insulating spacer    Magnetic Tunnel Junction 
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Giant Magneto Resistance

MR definition and a GMR device

Definition of MR%:

A GMR device:

(superlattice)
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Giant Magneto Resistance

Magnetic coupling

For two magnetic moments, Mi and Mj, at site i and j, 

the energy of magnetic interaction between them is:

where Jij is the exchange coupling between these two sites.

Jij > 0   Ground state is Ferromagnetic (FM)

Jij < 0   Ground state is Anti-Ferromagnetic (AFM)

jiijij JE MM 

i j

Jij



07/02/2016

5

Giant Magneto Resistance

Spacer thickness effect

Exchange coupling depending on spacer thickness:

– RKKY type exchange interaction
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Giant Magneto Resistance

CPP vs CIP

CIP
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Spin valve

Introduction

Spin valve (SV) 

– Basic structure and pinning

– Different pinning approaches and performances 

– Spin valve MRAM arrays 

1T or 1D?  

How to write

– An example

1D SV cell 

Spin valve

Basic structure

Direction of magnetization: fixed (pinned) in one FM layer;

free to switch in the other one.

Spacer is conductive.

Different levels of MR when parallel/antiparallel  "0"/"1” 
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Spin valve

Pinning

Fixed direction of magnetization through a strong magnetic 

coupling between the pinning layer and pinned layer.

Spin valve

Top pinning

AFM

FM
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Spin valve

Symmetric pinning

AFM

FM

AFM

FM

FM

Spin valve

Antiferromagnetic coupling pinning

FM

AFM

FM

FM
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Spin valve

CIP spin valve GMR head

IBM CIP GMR head 

(since 1997)

Density limit:

200 Gb/in2

3 GMR nanosliders on a US quarter.

1.85 mm

Two written tracks made by IBM:

Upper track density 35 Gb/in2

Lower track density 23 Gb/in2

Spin valve

CPP spin valve GMR head

Hitach CPP GMR head 

(Oct 2007)

Density expected:

500 Gb/in2 to 1 Tb/in2

By 2011:   1 Tb HDD for laptop

4 Tb HDD for desktop

http://domino.watson.ibm.com/comm/pr.nsf/pages/rscd.gmr-quarter.html/$FILE/quarter.jpg
http://domino.watson.ibm.com/comm/pr.nsf/pages/rscd.gmr-mfm.html
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Spin valve

1D/1R and 1T/1R arrays

1D/1R 1T/1R

Spin valve

Read is easy, how to write?

The technique to avoid the mis-write due to the half-selection: 

Send a pulse to word line, switching the cells half way;

Send another pulse to bit line to complete the switch;

Only the combined field is strong enough to switch the free 

layer of the selected cell.
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Spin valve

Coincident field selection

Coincident field selection and switching threshold (asteroid) curve 

for writing a magnetic element of an MRAM.  The ellipses show 

the direction of the shape anisotropy of the free magnetic layers 

of the bits; the arrows inside the ellipses indicate the orientations 

of the free-layer magnetization.

IBM J R&D, 2006

Spin valve

A 1D/1R SV cell
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Pseudo spin valve

Introduction

Pseudo spin valve (PSV) 

– Basic structure and operation method

– Performance of a PSV unit 

Effect of word line pulse width 

Pseudo spin valve

Basic structure

Concept: Direction of magnetization can be switched in 

both FM layers, but at different strength of the 

external field  "soft" and "hard" layers. 

Spacer is conductive.

The hard layer is used for information storage  "0“ / "1”

Digit line
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Pseudo spin valve

Operation of a PSV unit

Read-out is achieved by detecting the MR changes during 

switching the soft layer while the hard layer remains unchanged.

Storing four states (2 bits) per cell is possible.

 

Soft layer

Hard layer

Soft layer

switches

Hard layer

switches

Hard layer

switches

Pseudo spin valve

Effect of Word line pulse width
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Magnetic tunnelling junction

Introduction

Magnetic tunnelling junction (MTJ) 

– Basic structure

– MTJ cell and array 

– Performance of an MTJ unit

Temperature dependence

Effect of the MTJ spacer thickness

Different aspect ratios of the junction area 

Magnetic tunnelling junction

Basic structure

• Similar arrangement as a 

SV in CPP configuration, 

but the spacer is made of 

insulator and acts as a 

tunnelling barrier.

• Isolation transistor:

READ:  ON

WRITE: OFF

• Motorola’s flux 

concentrating cladding 

layer to reduce the WRITE 

power consumption.
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Magnetic tunnelling junction

MTJ cell and array

Magnetic tunnelling junction

Operation of an MTJ unit

Read operation similar to PSV.  2bit/cell is also possible.
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Magnetic tunnelling junction

Some issues – Temperature dependence

Magnetic tunnelling junction

Some issues – Effect of spacer thickness



07/02/2016

17

Magnetic tunnelling junction

Some issues – Aspect ratio of junction area

MRAM summary

Some relevant topics

Comments and challenges

Motorola MRAM demonstrator

Performance comparison of some NVMs
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MRAM summary

Comments and challenges for MRAM

CPP vs CIP  Vertical structure good for scale down to small size.

SV vs MTJ   Higher resistance for faster speed.

Metal contamination  Ta layers both sides.

Metal inter diffusion within the sandwich structure at the 

temperature of Al/Cu interconnect process.

Power consumption of WRITE operation.

Reliable magnetic switching.

Uniformity of the very thin spacer (2-3nm) for 8-12 in wafers.

…

MRAM summary

A deposition system for MTJ

Canon ANELVA

A system installed at IBM suitable for 

fabricating MTJs on 200-mm or 300-mm 

diameter wafers, showing part of central 

robotic chamber in the foreground, two 

five-source modules in the background 

(left and right), and a cleaning (etching)

module at the lower left.
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MRAM summary

IBM CMOS MRAM: 1Kb FET twin cell

The first CMOS MRAM array fabricated at IBM — a 1Kb array containing FET twin 

cells fabricated in a 0.25mm technology: Time traces of input and output signals 

during read access operation and SEM cross section of twin-cell structure.

IBM, VLSI TSA TECH, 2005

MRAM summary

Motorola 256Kb MRAM

from H. Brückl, Oct 2003
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MRAM summary

Motorola 1Mb MRAM

Motorola, VLSI 2002

1T/1MTJ with Cu interconnects

MRAM summary

Everspin (Motorola) embedded process

2009
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MRAM summary

Increasing density of prototype MRAM chips (not to scale)

(a) IBM 1mmx1.5mm 1Kb chip with a 5.4mm2 twin cell in 0.25mm technology with 

approximately 3-10ns access time; ©2000 IEEE.

(b) Motorola 3.9mmx3.2mm 256Kb chip with 7.1mm2 cell in 0.6mm technology with 

35ns access time. ©2001 IEEE; 

(c) Motorola 4.25mmx5.89mm 1Mb chip with 7.1mm2 cell in 0.6mm technology with 

50ns access time;  ©2002 IEEE. 

(d) Motorola 4.5mmx6.3mm 4Mb chip with 1.55mm2 cell in 180nm technology with 

25ns access time; ©2003 IEEE. 

(e) IBM 7.9mmx10mm 16Mb chip with 1.42mm2 cell in 180nm technology with 30ns 

access time; ©2004 IEEE.

… … 32Mb, 64Mb and 128Mb (NEC & Toshiba), 512Mb (IBM?)

MRAM summary

Status of MRAM development

D Wouters, IMEC
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NVM comparison and reflection

J D Boeck, et al, Semicond. Sci. Technol. 17, 342 (2002)

NVM comparison and reflection

K Prall, et al, Micron, 2013
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NVM comparison and reflection

K Prall, et al, Micron, 2013

NVM comparison and reflection

K Prall, et al, Micron, 2013
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NVM comparison and reflection

K Prall, et al, Micron, 2013
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