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Devices for spin electronics
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D.Awschalom et al., Scientific American (2002)



Ballistic spin injection in FM/ SC/ FM junctions

MacLaren et al., Phys. Rev. B. 59 5470 (1999): Fe/ZnSe/Fe

® Conduction iscontrolled by tunneling across the potential barrier

® Thesp majority band dominates tunneling

* Very large magnetoresistance is predicted for tunneling between Fe (001)
electrodes in perfect Fe/ZnSe/Fe junctions

Mavropoulos et al., PRB 66, 024416 (2002)



Resistor model for MR
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“ Conductivity mismatch”
G.Schmidt et al., Phys. Rev. B 62, 4790 (2000)




Possible solutions

Magnetic semiconductors. a~1
Fiederling et al., Nature 402 787 (1999); Ohno et al, Nature 402 790 (1999)

Half-metallic ferromagnets. P ~1

Tunneling barrier at the ferromagnet/semiconductor interface
Rashba, Phys.Rev.B 62, 16267 (2000)

Intrinsic Shottky barrier

room-temperature spin injection from metallic Fe into GaAs
Zhu et al, Phys. Rev. Lett. 87, 016601 (2001)

Hanbicki et al., Appl. Phys. Lett. 80, 1240 (2002)

Spin-dependent interface resistance
Fert and Jaffres, Phys.Rev.B 64, 184420 (2001)
Zwierzycki et al., arXiv:cond-mat/0204422 (2002)



Motivation and approach

All the existing models so far either take into account a
realistic band structure but neglect disorder within the
semiconductor or consider phenomenologically defect
scattering within a free-electron-type model

The approach is developed which combines an accurate
description of atomic structure, electronic structure, and
conductance within a unigue microscopic model

This model is applied to amorphous silicon and to
understand decisive factors that control the efficiency of
spin injection into disordered semiconductors

E. Y. Tsymbal et al., Phys. Rev. B 66, 073201 (2002)



Atomic structure

The atomic structure of a disordered S layer is simulated by deposition of S
atoms from a vapor phase using Metropolis Monte Carlo technique within a
random network model [V.M.Burlakov et al., PRL 86, 3052 (2001)]

Radial and bond-angle correlation functions

Smulated structure of a-S

Resulting a-S sample has thickness of
46 A and the unit cell of 1180 S atoms

- Structural characteristics are in agreement with EDIP calculations [J F.Justo &
a., PRB 58, 2539 (1998)] and experiments [K.Laaziri et al., PRL 82, 3460 (1999)]



Electronic structure

Electronic structure of amorphous S is modelled within a tight-binding
approximation using the orthogonal sp3 basis set [D.J.Chadi, JVac.Sci.Tech.16,
1290 (1979)] and by scaling bond integrals [L.Goodwin et al., Europhys. Lett.
9, 701 (1989); D. R. Bowler et al., JPhys.:Cond.Mat. 10, 3719 (1998)].

Relative contribution to the DOS

Density of states of ¢-S and a-S from S atoms with dangling bonds
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- Dangling bonds create localized states within the band gap
and play adecisiverolein transport



Conductance

Conductance is calculated using Landauer-Buttiker theory
Geometry for the conductance calculation
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a-S sample is placed between two ferromagnetic electrodes
connected to reservoirs

the electrodes affect the electronic structure of the a-S sample
through self-energies S, and S,

inelastic scattering is introduced by connecting “scattering”
electrodes to each atomic site

their chemical potentials, m2, are adjusted to ensure current
conservation throughout the sample



Conductance calculation technique
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The Green function: G(E)= E-H-S -S;- Sq

S
Current conservation condition for reduced chemical potentials /1.=(/12-13)/ €V

0= TLS (/78 - 1) +TRS/73 + Tss¢(hs - hs¢)

S¢

The net conductance: G:F Tet (- hs)Tis
S

Self-energies of the electrodes are parameterized:
S =-ipb’r

r-and r are up-spin and down-spin DOS of the electrodes at a point of
contact with a-S sample

Spin polarization of the electrodes: p={ 1)
(r +r)



Calculated conductance of a-S

Conductance as a function of energy within the band gap of bulk c-S.
Electrodes are metals: r = r-+r = 0.4 eV-latom,

Inelastic scattering: d = 0.04 eV, a representative value for electron-phonon
coupling at room temperature
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Conductance displays numerous resonances caused by localized states in the gap
Inelastic scattering smears out resonant peaks enhancing the conductance on average



Effect of density of injected carriers

MR for FM| a-S| FM junction as afunction of energy for P = 0.5 d=0.04eV

r =0.4eV
g o5f ' 30
sl = oo | . B .
< 0.0 E(e(\)'/é; 08 >
hd r=10 eV Y
= ol ] =
r=10"eV] | |
r=10"eV] 00 10 100 1
0 00 04 08 r (eV7)
Energy (eV)

For metallic electrodeswith r =0.4 eV-1 the magnitude of MR is less than 0.5%
Thereduction of DOSof the electrodes enhances MR.

Highest values of MR can be achieved for r=10°eV-1or lower



Effect of spin polarization of electrodes

MR of aFM| a-S| FM junction as afunction of P for various r and for ¢=0.04eV
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- For metallic electrodes (r =0.4eV-1 or r=0.1eV-1) a sizable MR can be achieved
only if Pisvery high

- With decreasing r the MR increases and eventually saturates at values given by
the curvefor r=10°eV-1

+ For cc0and r=10°eV-1or less MR=2P?/ (1+P?) - dulliere’s model



Discussion

The effect of the DOS of the electrodes on MR can be understood in terms of
broadening of semiconductor energy levels due to the coupling to the electrodes

For low DOSvalues the electrodes do not disturb the energy spectrum of the
semiconductor, which therefore acts as a linear transmitter with respect to the
density of injected and detected carriers
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For higher DOSvaluesthe energy spectrum of the semiconductor is affected by
the electrodes making the injection and detection of spins highly nonlinear
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Smilar, inelastic scattering reduces MR



Conclusions

Density of injected carries is an important characteristic for spin
Injection. High density of injected carriersis detrimental to MR.
A reduction in the density of injected carriers can significantly
enhancethe MR

Julliere formula gives an estimate for the highest value of MR
which can be achieved in ferromagnet/ semiconductor/
ferromagnet junctions

Inelastic scattering is detrimental to MR even if it does not cause
spin-flip scattering



