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Carrier-mediated ferromagnetism
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Electric-field control of ferromagnetism
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Outline

> Theory of single magnetic dopants
> magnetic circular dichroism in optical absorption

> electrical manipulation of single Mn spins
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Mn._ is an acceptor in GaAs
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Cr Mn Fe Co
GaP (2.3) 1 04 0.8 04
GaAs (1.5) 0.6 0.1 05 0.1
InP (1.4) 1 0.2 0.8 0.3
InAs (0.4) 0.03
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Antiferromagnetic p-d hybridization

> "Hydrogenic" levels
> 2.6 meV in GaAs

P. Vogl and J.M. Baranowski, © 16.6 meV in InAs

Acta. Phys. Polo. A67, 133 (1985) A. Baldereschi and N.O. Lipari
Phys. Rev. 8, 2697 (1973)

> Mn level:
> 113 meV in GaAs
> 28 meV in InAs



Semiclassical exchange model

V(R,R") = |V > ¢ (R,
Lo

Vo
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J

= 1 eV
= 369 eV

> Coulomb potential (~1/¢r)
» 0.5 eVat R
> effective mass model
> acceptor level: 25.6 meV
> Mn level: 113 meV



Koster-Slater approach

H = HO+ impurity
Golkiw) = |w—H,(K)xie|
6o(RR;w) = o[ d’k6,(k:w)e™* ™"
GRRw) = G,(R, R"w)

+ZG w)V(R_,R )6 (R ,R":w)
6(w) = [i—c;o(w)\?] G,

@ G.F. Koster and J.C. Slater, PR 95, 1167 (1954)
* HP. Hjalmarson, P. Vogl, D.J. Wolford and J.D. Dow, PRL 44, 810 (1980)
» J.-M. Tang and M.E. Flatté, PRL 92, 047201 (2004)
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Ho(k) (sp3 tight-binding model)

> full-zone band structure

o spatial structure at
0 ; \ atomic scales
B \ > crystal symmetry
> spin-orbit interaction
10

I X K [ D.J.Chadi, PRB 16,790 (1977)

[—l

o Atomic orbital basis: ¢, (R)
2 minimum set for zincblende lattice: 16 basis states
2 (atomic sites) x 4 (sp3 orbitals) x 2 (spins)

2 nearest-neighbor interaction

2 on-site spin-orbit interaction



Local density of states (LDOS)

> density of states
DE) = D, 6(E—E)
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LDOS near a Mn dopant
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Current, pA

Scanning Tunneling Microscopy
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Mn acceptor wavefunction

A.M. Yakunin et al.,
PRL 95, 256402 (2005)



Magnetic circular dichroism in
optical absorption




Optical absorption in bulk semiconductors
> Momentum is a good quantum number

> Interband transitions - Tight-binding calculation
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Magneto-optical absorption
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Magnetic circular dichroism
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Momentum is not a good quantum number
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absorption coefficients

ERR:w)=6o(RR";w)+ Y, 6(R,R w)V(R,R,)G(R, R w)
o= | dE, | dEf(E)|1-F(E,)|6(E,~E~ew)

(27T Vne m°wc
X Tr Z [GR(RIIRZ:Ei)—GA(RI,RZJEi)Kdﬂ y
R

A

pet

b(R,)

approximation: only on-site momentum matrix element



Magnetic circular dichroism
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Summary

> A new theoretical tool for calculating optical processes in

the presence of impurity band

> Optical transitions from the valence band to the impurity
band are the main contribution to the magnetic circular

dichroism in diluted magnetic semiconductors



Electrical manipulation of single Mn spins

J.-M. Tang, J. Levy, and M. E. Flatté
quant-ph/0605203



Si:P_quantum computer
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Electrical manipulation of electron spins

> Gigahertz electron spin manipulation using voltage-
controlled g-tensor modulation

Y. Kato et al., Science 299, 1201 (2003)
> Coherent manipulation of coupled electron spins in
semiconductor quantum dots
J.R. Petta et al., Science 309, 2180 (2005)



Quantum computation

> qubit
> initialization

> apply a dc magnetic field to split spin states

> control

> apply an ac magnetic field to flip spin
> fwo-qubit operation

> detection



Quantum spin states

Hetf = A Spmn*sn +Bsy - €
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(Mn+hole) is a J=1 complex
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Broken inversion symmetry

> Inversion asymmetry
> bulk (Ga v.s. As)
> impurity location

> surface /

spin averaged



How to control a spin

> magnetic field

H, = gu,JB

° strain ' 5 > _

Hy = bl |T2-T%3)+cp.
+dle (3.3 +3 T |+cp.

> electric field [ ! ! ' 1

He = ¥|ET,3,+3,3 |+cp.




Energy scales

> coupling to E fields

<ﬁ,—|—1‘r'-E‘ﬁ,—l—1> = yE=160peV
E=40keV/cm < B=1Tesla

> Mn-Mn coupling
» ~10 - 100 weV for 10 nm separation



Local density of states eV
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Spin-orientation-dependent LDOS
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Theorist's STM setup

STM tip




Manipulation scheme
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Energy splitting (v £_)
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Summary

> The principal determinant of the anisotropic shape of the
Mn wavefunction is the cubic symmetry of the lattice.

> The cubic symmetry is lowered by the dopant substitution,
spin-orbit interaction, and bulk inversion asymmetry.

> The combination of spin-orbit anisotropy and broken
inversion symmetry leads to the possibility of controlling
the spin state of an ionic spin in a solid using electric or
strain fields.



