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Special Issue on Spintronics

Conventional electronics are based on the charge of theA. Paper Descriptions
electron. Attempts to use an electron’s other fundamental 11 issue starts with the review article. “Overview of

property, spin, gave rise to a new, rapidly evolving field, gpin Transport Electronics in Metals,” by M. Johnson from
known as spintronics. Spintronics is an acronym for spin yhe Naval Research Laboratory. The paper introduces the
transport electronics and was first introduced in 1994 as agader to the basic principles of spin-polarized transport and
name for the Defense Advanced Research Projects Agencygpin transport electronics in metals. Dr. Johnson is very well
(DARPA) program by the editors of this Special ISsue. \own in the condensed matter community for his ground-
The initial Spintronics program involved the overseeing nreaking research in electrical spin injection and detection
of the development of advanced magnetic memory and i, metals and semiconductors. His original spin injection
sensors based on spin transport electronics. Now the originalgy yeriment in 1985 was the first empirical demonstration of
program has expanded to include Spins IN Semiconductorsyhg nenetration of spin-polarized currents into a nonmagnetic
(SPINS), hoping to develop a new paradigm in semicon- yaterial the first demonstration of resistance modulation
ductor electronics based on the spin degree of freedom ofi, 5 terromagnet/nonmagnetic metal/ferromagnet structure,
the electron in addition to or in place of the charge. and the first direct measurement of electron spin diffusion
This Special Issue on Spintronics supplements a few |gngihs 1n 1993, he developed a lithographically patterned
recently published books [1]{3], reviews [4]-[6], and o fiim device that became known as a “spin transistor.”
studies [7]. Leading researchers from academia and in-ygjng this device, he was among the first to suggest inte-
dustry contributed papers in this issue reviewing the state graieq digital electronic applications for device structures
of technology, theoretical, and experimental research, and, 4 incorporate a ferromagnetic element.
providing insights into the emergence of the new concepts, |gM was the first company to use the GMR effect in read
devices, and applications. The beginning of spintronics was pao4 sensors in 1994 [12], which led to the introduction of
.the discovery of the giant magnetoresistive effect (GMR) high-density hard drives with areal density 2.69/@*3 in
in 1988, when two research groups performed magnetore-1ggg commercially available areal density currently is 40
sistivity studies [8], [9] of heterostructures composed of Gb/in?, and 110 Glin® is under investigation. GMR read
alternating thin (10-100%) metallic layers of magnetic  poaqs are composed of “spin valves,” namely, metallic sand-
and nonmagnetic metals in the presence of high magneticyiches of at least two ultrathin ferromagnetic layers sepa-
fields (2 T) at low temperatures (4.2 K). They saw resistance aieq by a very thin nonmagnetic spacer layer. The resistance
changes up to 50% between the resistivities at zero field ¢ 5;,ch a sandwich depends on the orientation of the mag-
and in the saturated state. At room temperature, the GMR \atic moments of the ferromagnetic layers and is typically

effect was smaller, but still significant. The GMR effectis  4,,5,t 10%6—20% higher when the moments are antiparallel
measured as the change in resistivity divided by the resis-i,5n when the moments are aligned parallel.

tivity at large fields. GMR is observed when the currentisin - 1he next paper is “Magnetically Engineered Spintronic
the plane of the layers (CIP)_ and perpendicula}r to the plane gensors and Memory,” by Park@t al. This review article
of the layers (CPP). GMR s attributed to spin-dependent ,, by parkin, who is the magnetoelectronics team leader at
scattering at the interfaces and spin-dependent conductivity. g\ r's Aimaden Research Center and an IBM Fellow, ad-
At the beginning, spintronics was primarily aimed at  yregges recent advances made in IBM in magnetic recording
exploiting all-metal passive devices using GMR [10], [11], 654 heads based on GMR and magnetic tunneling. Parkin's
such as magnetoresistive random access memory (MRAM), 1k on magnetic multilayers led him to the discovery of
sensors, isolators, switches, etc. Today, these products argye oscillatory exchange coupling [13] phenomena critical
commercially available or very close to being commercially ;5 he development of the data-reading element in all of
offered. IBM’s magnetic high-density hard-disk drives. For the past
ten years, Dr. Parkin has explored magnetic nanostructured
magnetic thin-film materials, especially giant magnetoresis-
Digital Object Identifier 10.1109/JPROC.2003.811809 tance (GMR) and more recently magnetic tunnel junctions
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(MTJ) and the magnetic tunneling transistor (MTT). Dr. Motorola demonstrated the first 1-Mb MRAM circuit. The
Parkin was recently elected to the Royal Society. combined research and development team has accumulated
The review article “Spin Dependent Sensors” was written over 70 MRAM-related patents and numerous technical
by J. Daughton, the founder of NVE Corporation, which was publications during this period. The authors represent an
one of the first companies to offer low-cost devices based interdisciplinary group of experts in memories, magnetic de-
on GMR. In 1994, NVE introduced the world’s first spin- vices and materials, semiconductor processing, and testing.
tronic sensors for factory automation and automotive mar-  Inrecent years, spintronics shifted its focus toward the de-
kets [14]. These sensors outperform competing devices invelopment of active devices. To utilize spin in semiconductor
precision and miniaturization. In 2001, NVE announced the devices, one needs to be able to polarize, inject, transport,
world’s first spintronic data couplers (also called “isolators” manipulate, store, and detect spins. Studies of spin-polar-
because they transmit data while maintaining electrical isola- ized transport in bulk and low-dimensional semiconductor
tion), which are five times faster and much smaller than con- structures show promise of someday creating a gain device
ventional devices. Dr. Daughton previously worked at IBM such as the spin analog of a field effect transistor, a light-
in Yorktown Heights, NY, and Burlington, VT, on magnetic emitting diode, a resonant tunneling diode, etc. So far, a se-
and semiconductor memories, and was a Vice President atrious obstacle has prevented the development of practical de-
Honeywell managing R&D of solid-state devices. He has 20 vices. The conductivity of ferromagnetic metals (electrodes)
issued U.S. patents and over 60 published papers on magis significantly higher than in the semiconductors. As a re-
netic memory and sensors. He is a Life Fellow of the IEEE. sult, only a small fraction of spin-aligned mobile electrons
Reliable nonvolatile memories, able to save information can get into the semiconductor. For the efficient transfer of
when powered down and to withstand extreme temperaturesspin-aligned carriers, the contacts must be semiconducting.
and radiation-hard environments, are needed for someThe early diluted magnetic semiconductors (DMS)—alloys
defense and aerospace applications. GMR-based MRAMin which some atoms were randomly replaced by magnetic
uses magnetic hysteresis to store data and magnetoresistan@oms—had to be cooled significantly below 60 K to exhibit
to read data. Nonvolatile memory cells are integrated on aferromagnetic behavior. The discovery of the ferromagnetic
semiconductor chip and function as a static semiconductor behavior of GaMnAs at 130 K in 1998 [16] and above-room-

RAM chip. Potential advantages of the MRAM compared
with silicon Electrically Erasable Programmable Read-Only
Memory (EEPROM) and Flash memory are: 1) 1000 times
faster write times, no wearout with write cycling (EEPROM
and Flash memories wear out with about one million write
cycles) and 2) lower energy for writing. MRAM data access
times are about 1/10 000 that of hard disk drives. MRAM
is not yet available commercially, but production of at least
4-Mb MRAM is anticipated in two to three years. According
to Pathfinder Research, .".the size of the [MRAM] market
opportunity—$40 billion by 2005. if the technology
shapes up right. it will replace DRAM.” [15]

temperature ferromagnetismTiCoO, in 2000 [17] stimu-
lated the search for new materials. The progress in new mate-
rials engineering is enabled by developments in fabrication
and characterization instrumentation. The use of molecular
beam epitaxy (MBE) allows one to grow materials and het-
erostructures with magnetic and semiconducting properties
at the same time, by introducing a significant concentration
of magnetic ions into nonmagnetic semiconductors.

The status of materials research is addressed in the review
article “New Materials for Semiconductor Spin-Electronics”
by von Molnar and Read. Professor von Molnar is the di-
rector of the Center for Materials Research and Technology

In this issue, we have two papers from leading research(MARTECH) at Florida State University. He is an experi-

teams working on two different approaches to the commer- mental condensed matter physicist whose lifelong interest
cial realization of GMR-based MRAMs. The first is “Giant has been the study of correlation effects in electronic sys-
Magneto-Resistive Random-Access Memories Based ontems. His expertise includes transport and magnetotransport
Current-in-Plane Devices,” by R. R. Katti, of Honeywell properties of magnetic semiconductors, the thermal proper-
International, Inc. This paper describes nonvolatile random ties (specific heat) of amorphous and crystalline solids, and
access memory (GMRAMSs) based on spin-valve and magnetism at the nanoscale. His accomplishments include
pseudo-spin-valve devices, consisting of metallic magnetic the conceptual development and experimental observation
and nonmagnetic multilayers where current flows primarily of magnetic polarons and the demonstration of the magneti-
in the plane of the layer. Dr. Katti currently leads the cally driveninsulator-metal transition. Dr. Read is working at
GMRAM devices group at the Solid State Electronics MARTECH developing submicrometer to nanoscale devices
Center. He has more than 20 technical publications and tenfor measurements related to spintronic transport effects.
patents. In the next paper, B. Jonker from NRL focused on
In the next paper, “Magnetoresistive Random Access “Progress Toward Electrical Injection of Spin-Polarized
Memory Using Magnetic Tunnel Junctions,” by Tehrani Electrons into Semiconductors,” describing a number of
et al, a team of authors from Motorola discusses MRAM semiconductor-based spintronic device concepts. Dr. Jonker
based on magnetic tunneling junctions. Motorola’s MRAM is an expert in the MBE growth and fabrication of hybrid
research program started in 1995 and received a five-yearmagnetic/semiconductor heterostructures and in the optical
funding contract from DARPA in 1996. In 2001, the effort characterization of electrical spin injection. His research has
expanded significantly as the company’s Semiconductor addressed low-dimensional magnetism in metals, spin-de-
Products Sector began a development program, and in 2002pendent carrier localization in semiconductor superlattices,
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electrical spin injection and transport in semiconductor the quantum information over long distances will allow new
heterostructures, and the fabrication of prototype magneto-forms of data security based on quantum cryptography.
electronic devices. In addition to spin injection, his recent The study of magnetodynamics of low-dimensional
work addresses the MBE growth and study of ferromagnetic magnetic structures requires nanometer-length scale spatial
semiconductors, a new class of materials combining both resolution, sensitivity to detect very small total magnetic
ferromagnetic and semiconducting properties with the po- moments, and time resolution on scales of the processes.
tential for new device functionality. Dr. Jonker has authored The paper on “Ultrafast Magnetization Imaging,” written
148 scientific publications, presented over 60 invited talks, by Choi et al, provides a detailed description of an ex-
holds five U.S. patents, and is a Fellow of the AVS Science perimental method for imaging nonequilibrium magnetic
& Technology Society. phenomena in the picosecond temporal regime and with
submicrometer spatial resolution. This method, applying

lution to electrical spin injection is a tunneling contact [1g], ultrafast techniques to magnetooptical imaging, yields
[19]. It was also shown that in principle one can use multi- & Powerful tool for the study of fundamental magnetic

layered semiconductor systems to generate, control, and dePh€nomena. From a practical point of view, understanding
tect the electron spin polarization by exploiting the spin-orbit Magnetization dynamics has become crucial both to the
interaction. This all-semiconductor approach has the advan-continued evolution of conventional magnetic data storage
tage of being compatible with conventional semiconductor &nd for the demands of newer approaches such as MRAM.
technology [20]. In the next paper, “Rashba Effect Resonant Dr. (;h0| isan assptant prqfessor of physics at thg Unlver.sny
Tunneling Spin Filters,” by Tingt al, an impressive team of ~ Of Victoria, A. Krichevksy is a graduate student in physics
researchers discuss in detail the basic principle of an asym-t the University of Alberta, and M. Freeman is an iCORE
metric resonant interband tunneling diode (a-RITD) as a spin Professor of Physics and Canada Research Chair in Con-
filter and propose an implementation procedure for realizing d€nsed Matter Physics at the University of Alberta. Their

device structure. The device exploits the Rashba effect to 9rOUP Pursues the development and application of a variety
achieve spin polarization under zero magnetic field. of ultrafast microscopies, and has authored two patents and

, — ) , i over 50 publications related to the article in this issue.

A review paper, “Optical and Electronic Manipulation |, «The Magnetic Resonance Force Microscope: A New
of Spin Coherence in Semiconductors” by Sihal, ad- 10| for High Resolution 3-D Subsurface Scanned Probe
dresses experimental optical studies of electron spin Stateslmaging » Hammelet al. describe the principles, status
in semiconductors, heterostructures, and quantum dotS.5n4 some recent applications of the magnetic resonance
Control over spins in the solid state forms the basis for force microscope (MRFM), a scanned probe microscope
nascent spintronics and quantum information technolo- paseq on sensitive scanned probe detection of magnetic
gies. There is a growing interest in the use of electronic sqonance. Magnetic resonance force microscopy uses a
and nuclear spins in semiconductor heterostructures as g, probe capable of probing deeply buried material;
medium for the manipulation and storage of both cla_ssical by using techniques of magnetic resonance imaging, the
ar_1d guantum information. Coauthor_D. D._Awschalom isthe MREM can nondestructively study controllably defined
Director of the UCSB Center for Spintronics and Quantum reginns buried deeply beneath the surface of the material
Computation, and conducts active research in optical andynger sudy. This highly flexible microscope is well suited
magnetic interactions in semiconductor quantum SIUCtures,, the study of spintronic devices because of the broad range
spin dynamics and coherence in condensed matter systeMsy materials to which it can be applied—only nuclear spins
macroscopic quantum phenomena in nanometer-scale magg ejectronic moments (either in a paramagnet or in an or-
nets, and implementations of quantum computation in the 4o ey ferromagnet) are required for it to be applicable—and
solid state. V. Sih and E. Johnston-Halperin are graduateyqcayse of the importance of selective subsurface studies for
researchers deeply involved with developing a variety of |ayered multicomponent devices. P. C. Hammel is Professor
femtosecond-resolved spatiotemporal spectroscopies angy¢ ppysics and an Ohio Eminent Scholar, D. Pelekhov a
micromagnetic sensing techniques aimed at exploring chargeresearch Professor and P. Wigen a Professor Emeritus at the

and spin motion ?n the quantum do_main. This .research hasOhio State University; T. Gosnell is a Physicist at Pixon LLC
been presented in over 200 scientific publications and hasgnq 4 staff Member at Los Alamos National Laboratory:

appeared on the covers Naturg SciencePhysics Today  \ \midzor completed her Ph.D. degree at Caltech where

IEEE SpectrumandsScientific American M. Roukes is a Professor of Physics, Applied Physics, and
In “Opto-Electronic Quantum Telecommunications Based Bioengineering.
on Spins in Semiconductors,” Yablonovitehal,, from the One of the central themes of this Special Issue is that
University of California at Los Angeles, review the exper- engineers and scientists are now entering into a golden
imental status of a semiconductor-based quantum repeaterage of quantum measurement theory and experiment.
a new type of telecommunication device for quantum infor- Today’s “informatic” technologies are required to operate at
mation transmission over long distances. This paper includesmaximum speed, and achieve maximum sensitivity, while
the development of spin resonance transistor logic gates, ancconsuming minimal power. As the engineering community
the experimental detection of single photons in a manner presses against the quantum limits to speed, sensitivity,
that preserves their spin information. The transmission of and power, they are scrutinizing the physics literature for

Recent theoretical research had shown that the possible so
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practical guidance on how to approach these limits. The REFERENCES

resulting cross-disciplinary fertilization is good for both

physicists and engineers. As two-time Nobel Prize winner g
J. Bardeen put it: “[Most advances] are made in response to  [2]
a need, so that it is necessary to have some sort of practical
goal in mind while the basic research is being done; oth- [3]
erwise it may be of little value” [21]. In their contribution

“The Classical and Quantum Theory of Thermal Magnetic 4l
Noise,” an interdisciplinary team of physicists (authors
Sidles and Dougherty) and engineers (authors Garbini

and Chao) has combined fundamental physics with solid [l
engineering sensibility. The result is a set of simple, reliable [6]
design rules that predict magnetic noise levels for a broad
range of spintronic devices. This magnetic noise plays the
same fundamental role in spintronic devices that Johnson 7,
noise plays in electronic devices—the spintronic community  [g]
can expect to see broad application of these design rules

in coming decades. Professors Sidles and Garbini proudly [9]
call themselves “quantum system engineers,” and they head
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are also members of this laboratory, where they focus
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system integration issues. [12]
Discoveries in theoretical understanding of spin interac-
tions in solid state, developments in materials science, and
actual device fabrication are necessary to harness the spin de-
gree of freedom in semiconductors. Interdisciplinary efforts
including physics, chemistry, biology, electrical engineering,
computer science, and mathematics have a great impact on
advances in spintronics as a technology of the future.
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