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1. Introduction 

An electron possesses both a negative electric charge (−e) and a small magnetic 
moment called spin. The charge is utilized in electronic devices such as a transistor that 
has functionalities of signal amplification and logic operation and is a basis of the 
electronics industry. The spin has a non-volatile memory function that is used in 
magnetic storage devices such as hard disk drive (HDD). On the other hand, “spin 
electronics” or “spintronics” is a new field of science and technology, in which both the 
charge and spin of electron are utilized for creating new functional devices such as novel 
non-volatile memory and a high-performance magnetic sensor (read head) of 
ultrahigh-density HDD. 

A magnetoresistance effect is a change in electric resistance induced by an 
application of magnetic field. Because this effect can correlate the charge and spin of 
electrons in solid state devices, it is the most important technology in spintronics. The 
size of magnetoresistance is measured by MR ratio that is defined as the fractional change in 
resistance caused by the effect. The MR ratio at room temperature (RT) and low magnetic 
field H (typically below 100 gauss) is the performance index in spintronics because a higher 
MR ratio at RT and low H enables us to develop devices with higher performances. 
 
2. History of magnetoresistance and spintronics 

The MR ratio at RT and low H used to be only 1 to 2% since the discovery 
of anisotropic magnetoresistance (AMR) effect in 1857. This remained unchanged until 
the discovery of giant magnetoresistance (GMR) effect in magnetic multilayers in the late 
1980’s by A. Fert and P. Grünberg (the laureates of Nobel Prize 2007) (see figure). The 
GMR effect with MR ratio of 5 to 15% as 
applied to read heads of HDD and 
opened the field of spintronics [1]. 

A magnetic tunnel junction (MTJ), 
which consists of a thin insulating layer 
(a tunnel barrier) sandwiched between 
two ferromagnetic electrode layers, 
exhibits tunnel magnetoresistance 
(TMR) effect due to spin-dependent 
electron tunneling. In 1995, the TMR 
effect in MTJs was realized at RT by 

 



 

 

using an amorphous aluminum oxide (Al-O) tunnel barrier [1]. Since then, the Al-O-based 
MTJs have been studied extensively, and MR ratios up to 70% have been obtained at RT. 
The TMR effect has been applied not only to read heads of high-density HDD but also to 
novel non-volatile memory called magnetoresistive random access memory (MRAM). 
However, the MR ratios of up to 70% were still lower than needed for many applications of 
spintronic devices. High-density MRAM cells, for example, will need to have MR ratios that 
are significantly higher than 70% at RT. 
 
3. Giant TMR effect in MgO-based magnetic tunnel junctions 

In 2001, theoretical calculations predicted that MTJs with a crystalline magnesium 
oxide (MgO) tunnel barrier would have MR ratios over 1000% because the crystalline 
MgO barrier passes only specific electrons with spherical wave functions that exhibit a 
huge MR ratio [2]. In 2004, our group at AIST [3] and a group of IBM-Almaden [4] 
independently developed MgO-based MTJs and obtained giant MR ratios of about 200% 
at RT. This huge TMR effect in MgO-based MTJs is now called the giant TMR effect and 
is of great importance for developing next-generation devices. In 2005, we also developed 
a technology for mass-manufacturing MgO-based MTJs by combining the MgO tunnel 
barrier and the electrodes made of amorphous CoFeB alloy [5]. This CoFeB/MgO/CoFeB 
MTJ structure has become the main-stream technology in industrial applications. 
 
4. Industrial applications of  

A high-performance read head based on the CoFeB/MgO/CoFeB MTJ (MgO-TMR 
head) was commercialized since 2007 and more than doubled the recording density of 
HDD. The HDD density has reached 350 Gbit/inch2 now and is expected to go beyond 1 
Tbit/inch2 in the future. The giant TMR effect in MgO-based MTJs is also useful in 
developing next-generation high-density MRAM called Spin-RAM. Spin-RAM is expected 
to become a universal memory device having ideal features such as non-volatility, 
high-speed read/write operations and high reliability (infinite write endurance). 
Prototype Spin-MRAM cells based on the MTJs have been developed. If Gbit-scale 
Spin-RAM and high-speed Spin-RAM are developed, they will replace DRAM and SRAM. 
This gives the non-volatile functionality to the working memories in CPU and makes it 
possible to reduce the power consumption drastically. 

The MgO-based MTJs are also expected to be applicable to novel devices such as 
microwave emitter and detector, high-speed physical number generator, and non-volatile 
logic circuits. The giant TMR effect in the MTJs is therefore expected not only to extend 
the applications of existing devices but also to help realize novel spintronic applications. 
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