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Spintronics: A New Paradigm for Electronics for the
New Millennium

Stuart A. Wolf and Daryl Treger

Abstract—SPIN TRansport eletrONICS or SPINTRONICS, in
which the spin degree of freedom of the electron will play an impor- E E
tant role in addition to or in place of the charge degree of freedom
in mainstream electronics will be important as we start the new
millennium. The prospects for this new electronics in nonvolatile
radiation hard magnetic memory for the Department of Defense {. +'
(DoD) will be described.

Index Terms—Non-volatile magnetic memory, spin transport, y
spintronics. =
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. INTRODUCTION

. . . . Fig. 1. Partial spin polarization in ferromagnetic metals.
ORTY years ago, in a talk given to the American Physwa‘g pinp 9

Society, Richard Feynman challenged his audience to build
computers with wires no wider than 100 atoms, a microsco |
that can image individual atoms, a machine that can manif — o
late atoms one by one and circuits that utilize quantized enel l i Tl Co
Ievelg orthe |ntera_ct|on_cn‘uant|zed spmslt is the_very last, bu't =i I"" |
certainly not least item in Feynman'’s list that will be the subje: | ]
of this article. Livw R esinlance

Clearly, the progress in electronics over these last forty years @)
has proven that scientists and engineers were up to Feynmer’e
challenge. However, until very recently, the spin of the ele
tron was ignored in mainstream electronics. Adding the spin ¢
gree of freedom to electronics will provide significantly mor
capability and performance to future electronic products ai
we have just seen the tip of the iceberg with the recent intr
duction of very high performance disk drives utilizing Gian
Magneto-Resistive (GMR) read heads. Indeed, there are mi

ways that the spin of the electron can be utilized to add new ¢ B
pabilities and new functionality [1]. These range from near terl I
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products like nonvolatile, very high density, very high spee:
very low power random access memories to the longer-te
very esoteric realm of quantum computing [2], [3]. :
When GMR was discovered by Albert Fert’s group in Franc High Resistance
in 1988, the first steps on the road to the utilization of the spin (b)
degree of freedom of the electron were taken [4]. It took about i ) ) ) . .
. . . : Fig. 2. Comparison of spintronic devices where current is (a) Perpendicular to
10 years for the fruits of this discovery to ripen with the appeajie plane (CPP) and (b) Current is In-Plane (CIP).
ance of very high density disk storage, first introduced by IBM
and quickly followed by many other manufacturers in the USMR and related devices is that in ferromagnetic metals the
and Japan. A GMR device consists of alternate layers of fetectrons at or very near the Fermi surface (which are the only
romagnetic and nonmagnetic metals whose resistance depenmuss that contribute to transport phenomenon) are partially spin
on the relative orientation of the magnetic layers. The basis foolarized. This is illustrated in Fig. 1.
The larger the degree of spin polarization of these electrons
Manuscript received February 15, 2000; revised May 15, 2000. the bigger the spin transport effects. If the ferromagnetic layers
S. A. Wolfis with the Defense Sciences Office, DARPA, Arlington, VA 2220have their moments all aligned then the device has very low
Bgﬁ and the Naval Research Laboratory, Code 6300.4, Washington DC 203&istance, alternatively if alternate layers are anti-aligned, then
D..Treger is with the Strategic Analysis Inc., Arlington, VA 22201 USA. the device has high resistance and as the alignment changes so
Publisher Item Identifier S 0018-9464(00)08332-1. does the resistance. This response is illustrated in Fig. 2.
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Fig. 4. Magnetic response of an ideal spin valve.
Fig. 6. Honeywell 1 Mb MRAM device.

The current can either be perpendicular to the interfaces
(CPP) as is shown in the top part of the Fig. 2 or can be paraligk potential for significant tolerance to extremely harsh envi-
to the interfaces as shown in the bottom part of the figure (CIRpnments. In 1995, the GMR Consortium Project was initiated
In both cases the change in resistance can be quite large ahlJARPA and one of us (S.A.W.) was the initiator as well as the
can be controlled by the relative orientation of the momengrogram Manager. This project had as its goal the exploration
of the two magnetic layers. Although the various layers hawg the utility of GMR devices for various sensor and memory
to be very thin, modern deposition technology can control tegplications. This project culminated in the demonstration of
deposition processes to the sub-Angstrom level. a 16 Kbit nonvolatile, radiation hard, magnetic random access
Sensors can be made from these multilayers and Non-Volatit@mory chip that was under a square inch in size and had an
Electronics Inc. (NVE), a small high-tech company, has develecess time of under 100 nanoseconds. This memory was de-
oped a range of sensors, switches and isolators based on tlvessped by Honeywell using their radiation hard CMOS under-
materials. The cost and power are extremely low, making theagers that were developed under an ARMY program that was
devices highly competitive. The performance of the isolators gimultaneously developing a magnetic memory chip based on
particular, can be much better than their optical counterpartsagisotropic magnetoresistance (AMR). The GMR memory was
lower cost. This is shown in Fig. 3. at least a factor of four faster based on the larger changes in re-
The structures illustrated in Fig. 2 can be optimized to makes&tance that GMR afforded [5]. A picture of this chip is shown
nonvolatile, high density memory cell. Fig. 4 shows an idealized Fig. 5.
hysteretic response that shows the memory possibilities of thes&his original GMR Consortium soon became a regular
structures. and significantly larger DARPA project which one of us
Several scientists and engineers in the US including Gal$.A.W.) named Spintronics which is a shortened version of
Prinz from the Naval Research Laboratory, Jim Daughton frospin-transport-electronics. This program now had the charter
NVE, and Gerry Granley from Honeywell were convinced thab explore other devices beyond GMR and in particular spin
memories built from these devices could ultimately competiependent tunneling structures and unusual magnetic oxides.
with mainstream semiconductor memories in density, spe&pintronics now includes Motorola and IBM in addition to
and cost, with the important added bonus of nonvolatility artdoneywell, and many academic and laboratory participants.
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Fig. 7. Honeywell roadmap.

One of the reasons for the significant interest in this memocpmparison to mainstream volatile memories like DRAM and
apart from the clear DoD applications, is the very favorablRAM. Table | shows a projection of the 2012 performance of
comparison of the potential performance of this memory &ome of the usual semiconductor memories based on the 1997
other nonvolatile memories like FLASH but also the favorabI8lA roadmap compared with a projection based on what we
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expect from MRAM. This memory also has some additiongdarticular, understanding and controlling the rotation of one of
features which are very important to the DoD. the magnetic layers rapidly, reproducibly and without disturbing

The memory has unlimited read and write. This is bett@reighboring bits remains a challenge, but rapid progress is being
than ferroelectric-RAM (FeRAM) which still is limited in made in this area and it does not appear be a showstopper.
the number of times it can be cycled. The memory has aThere is also excellent work in Japan and Europe that looks
nondestructive read out (NDRO) so that the information wiit both GMR and TMR devices and their potential, but as far as
not be lost and the data storage has very high integrity. Itvuge know, the DARPA program is unique in trying to provide all
intrinsically radiation hard and is limited only by the radiatiorof the infrastructure necessary to build fully functional memory
hardness of the silicon circuits which control it. prototypes that can be rapidly productized. We expect that this

Motorola and IBM are developing memories based on thsituation will change dramatically as soon as products begin to
spin dependent tunneling device similar to a GMR cell, but withppear early next millennium.
the nonmagnetic metal replaced by an insulating tunnel bar-The future for the current spintronics program is quite bright
rier. Their geometry is the CPP geometry and as illustratedand the transition to both commercial and military products
Fig. 2, with the magnetic layers being separated by a very ttshould occur within the next few years. However the possibility
insulating aluminum oxide barrier. The advantage of this Tute demonstrate many more spintronic devices like spin-FET'’s,
neling Magneto-Resistance (TMR) device is a very large efpin-LED’s, spin-resonant tunneling devices, spin coherent de-
fective magneto-resistance ratio (at least 40 per cent), but thees and spin quantized devices are real and on the horizon
penalty is the very thin insulator (10-15 Angstroms) requirin’]-[9]. We hope to soon report on spin-based technology which
uniformity over many square inches [6]. will further revolutionize the electronics industry.

The DARPA program is reaching a stage where successively
more advanced prototypes are scheduled to be demonstrated in
the next few years starting with a 1 Mbit memory chip. Honey-
well is well on the way to demonstrating such a memory and [1] G. Prinz, “Magnetoelectronics3cience 282pp. 1660-1663, 1998.

. . . . . [2] D. P. DiVincenzo, “Quantum computationScience 270pp. 255261,
Fig. 6 is a picture of the Honeywell 1 Mbit chip. 1995.
The memory shown in Fig. 6 is manufactured on commer-[3] D. Loss and D. P. DiVincenzo, “Quantum computation with quantum
cial CMOS underlayers with the wiring and magnetics done in __ dots,”"Phys Rev.vol. A-57, pp. 120-126, 1998.
back d-of-the-li BEOL = . f thi [4] M. Baibich et al, Phys. Rev. Lettvol. 61, p. 2472, 1988.
a .ac _'en -of-the- ”_19_( OL) process.' uture versions of t '|S[5] M. Dax, Semiconduct. Int’].vol. 20, no. 10, p. 84, 1997.
chip will be fully radiation hard and designed for severe envi- [6] S.S. P. Parkiret al, “Exchange-bias magnetic tunnel junctions and ap-
ronmental and radiation exposures. IBM and Motorola also have  Plication to nonvolatile magnetic random access memdryxpp. Phys.
d . | dforth fut dth q fop,. VOl- 85, p. 5828, 1999.

ijons'[rat'ons_p an.ne or e_near.u ur? an eroa map c;[rY] Y. Ohno et al,, “Electrical spin injection in a ferromagnetic semicon-
this technology is quite aggressive. Fig. 7 is a current version of  ductor heterostructure,” iNature Volume 402December 1999, p. 16.
the Honeywell roadmap as an example. [8] H. Ohnoet al, “(Ga, Mn) As: a new diluted magnetic semiconductor

As indicated in the Table I, the prospects for this memory 4 pased on GaAsAppl. Phys. Leftvol. 69, pp. 363-365, 1996.

! o ] D.Awschalom and J. M. Kikkawa, “Electron spin and optical coherence
are excellent and there are just a few remaining hurdles. In  in semiconductors,Phys. Todayvol. 52, pp. 33-38, 1999.
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