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Moore's Law predicts the number of features on a chip to double approximately 
every eighteen months. As industry struggles to maintain this pace, alternatives to size 
reduction of charge-based devices are being sought out in both industry and academia. 
These alternatives to charge-based functionality include the processing of photons, spin 
states, or plasmon resonance. Of these alternatives, spintronics, or spin-based electronics, 
show a great deal of promise. The advantages of using spin processing, with, or in place 
of, charge, include nonvolatility, decreased power consumption, and perhaps most 
intriguingly, an integration of logic and memory onto the same device.1

•
2 Current hard 

disk drive (HDD) technology is based on spintronics, which is responsible for the 80% 
average annual growth rate in storage density over the last ten years. 3 Other devices 
based on spin include spin LEDs4 (Figure 1) , spin FETs5

, spin-dependent resonant 
tunneling diodes6

, magneto-optical modulators7
, and ferromagnetic heterojunction bipolar 

transistors. 8 
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Figure 1 Spin LED and electroluminescence data showing polarization.4 

The advent of spintronics was the discovery of "giant" magnetoresistance (GMR) 
in superlattices composed of alternating layers of Fe and Cr.9 The remarkable change of 
resistance in these structures is derived from the spin-dependent conductivity of magnetic 
materials. If the splitting of states in the presence of a field is large enough, then all the 
majority spin states will be piled, allowing conduction only by carriers of the minority 
spin. ' 0 This selectivity would serve as the basis for logic operation in spintronic devices. 

While ferromagnetic metals are still the most commonly used materials in current 
spintronic devices, an interesting new class of materials has garnered much attention 
from researchers in device physics and materials science. The ferromagnetic 
semiconductors, such as GaMnAs, are comprised of conventional semiconductors doped 
with low concentrations (3-6%) of magnetic ions such as Mn. The interaction between 
the highly localized d-electrons on the metal ion, and the delocalized s- and p- like 
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electrons in the conduction and valence bands, respectively, results in a ferromagnetic 
coupling between Mn centers, which is mediated, in the case of GaMnAs, by itinerant 
holes.11

'
12

'
13 This hole-mediated coupling gives rise to some remarkable materials 

properties. Since the Mn ions act as an acceptor, the hole concentration is roughly 
proportional to the Mn ion concentration. In addition, the degree of ferromagnetic 
coupling is hole mediated, thus by varying the hole concentration, the Curie temperature 
of the material can be controlled. 12

'
14(Figure 2) These unique properties, along with the 

direct band gap of GaAs, allow for optical, electrical, or magnetic control of 
ferromagnetism. In addition, GaMnAs also posses uni~ue ferromagnetic properties, 
exhibiting a change in the easy axis at approximately Tc/2.1 
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Figure 2. Relation between Tc, [Mn), and [h+]12
. 
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While some refinement of the materials processing of GaMnAs remains to be 
done, there is little doubt that the use of alternatives to charge-based functionality will 
increase.8•

16 It is certain that the breadth of applications for spintronic devices will 
expand as researchers continue to study the fundamentals of spin-based phenomena. 

References 

1. Wolf, S.A., Awschalom, D.D., Burhman, R.A., Daughton, J.M., von Molnar, S., 
Roukes, M.L., Chtchelkanova, A.Y., Treger, D.M., "Spintronics: A Spin-Based 
Electronics Vision for the Future," Science 2001, 294, 1488. 

2. Das Sanna, S., "Ferromagnetic Semiconductors: A Giant Appears in Spintronics," 
Nature Materials 2003, 2, 292. 

3. Zhu, J., "New Heights for Hard Disk Drives," Materials Today July 2003, 22. 

4. Jonker, B.T., Erwin, S.C., Petrou, A., Petukhov, A.G., "Electrical Spin Injection 
and Transport in Semiconductor Spintronic Devices,'' MRS Bulletin Oct. 2003, 
740. 

5. Datta, S., Das, B., "Electronic Analog of the Electro-Optic Modulator,'' Appl. Phys. 
Lett. 1990, 56(7), 665. 

66 



6. Koga, T., Nitta, J., Takayanagi, H., Datta, S., "Spin-Filter Device Based on the 
Rashba Effect using a Nornnagnetic Resonant Tunnelin Diode," Phys. Rev. Lett. 
2002, 88, 126601. 

7. Shimizu, H., Tanaka, M., "Design of Semiconductor Waveguide-Type Optical 
Isolators using the Nonreciprocal Loss/Gain in the Magneto-Optical Waveguides 
having MnAs Nanoclusters," Appl. Phys. Lett. 2002 81, 5246. 

8. Samarth, N., Chun, S.H., Ku, K.C., Potashnik, SJ., Schiffer, P., "Hybrid 
Ferromagnetic/Semiconductor Heterostructures for Spintronics," Solid State 
Comm. 2003, 127, 173. 

9. Baibich, M.N., Broto, J.M., Fert, A., Nguyen Van Dau, F., Petroff, F., Eitienne, P., 
Creuzet, G., Friederich, A., Chazelas, J., "Giant Magnetoresistance of 
(OOI)Fe/(OOl)Cr Magnetic Superlattices," Phys. Rev. Lett. 1988, 61 2472. 

I 0. Prinz, G.A., "Magnetoelectronics," Science 1998, 282 1660. 

11. Matsukura, F., Ohno, H., Shen, A., Sugawara, Y., "Transport Properties and Origin 
ofFerromagnetism in (Ga,Mn)As," Phys. Rev. B 1998, 57(4) 2037. 

12. Twardowski, A., "The Nature of Mn Center and Exchange Interaction in 
Ga1.xMnxAs Dilute Magnetic Semiconductor," Mat. Sci. and Eng. B 1999, 63 96. 

13. Dietl, T ., Ohno, H., "Ferromagnetic III-IV and II-VI Semiconductors," MRS 
Bulletin Oct. 2003, 714. 

14. Ohno, H., Chiba, D., Matsukura, F., Omiya, T., Abe, E., Dietl, T., Ohno, Y., 
Ohtani, K., "Electric-Field Control of Ferromagnetism," Nature 2000, 408 944. 

15. Welp, U., Vlasko-Vlasov, V.K., Liu, X., Furdyna, J.K., Wojtowicz, T., "Magnetic 
Domain Structure and Magnetic Anisotropy in Ga1-xMnxAs," Phys. Rev. Lett. 2003, 
90(16) 167206. 

16. Campion, R.P., Edmonds, K.W., Zhao, L.X., Wang, K.Y., Foxon, C.T., Gallagher, 
B.L., Staddon, C.R., "The Growth of GaMnAs Films by Molecular Beam Epitaxy 
using Arsenic Dimers," J. Cryst. Growth 2003, 251 311. 

67 


	Pages from 2003-2004 straightened2 68
	Pages from 2003-2004 straightened2 69
	Pages from 2003-2004 straightened2 70

