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1. Giant spin splitting of band states
hao, = aM/gug (lecture V)
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2. Spin-disorder scattering ~ —&. l rd

3. Bound magnetic polarons

4. Indirect d-d interactions



Effects of sp-d exchange interaction
-- spin disorder scattering in DMS

Two sources
-- thermodynamic fluctuations
-- chemical disorder

1/t ~ a?p(er) - weaker in semiconductors than in metals

determinations:
-- SFRS
-- quantum transport
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Linewidth in spin flip Raman scattering in

n-(Cd,Mn)Se
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Effects of sp-d exchange interaction |
-- bound magnetic polaron

Doc\or state in DMS

\ T T. T ? AQ Zero-field splitting

\

« Two sources of local magnetization

-- molecular field o donor electron
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Some statistical mechanics |

PE) — Coxp(—E/ET)
If states are degenerate
PIE) — CglE) expl —E/ET)
PIE) — Clexpl—|E —ETIng E)|/ET}
PIE) — Coxp|—F(E)/ET)
PIM 1) — Cexp|—F|M(r)| kT

FIM(r)| — Fs[M(r)| + Fe[M(r)]



Free energy of Mn spins

PIM(r)| — Cexp|l—F|M(r)|/kT'

FIM(r)| = Fs|M(r)| + F.[M(r)]

SM2 5 M2
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Free energy of the electron |

PIM (1) — C oxp|—F | M(r)|/kT)

FIM(r)| — Fs[M(r)| + F[M(r) X
o

H,— s M x T#o

Jig
(

AMir) /di‘ﬂf ) |p(r)|? T
JHB

F.[M(r)| = —kT1n[2 cosh(A[M (r)]/2kT)] AQ




Mean field approximation |

PIM(r)| = Cexp|—F|M(r)|/ET

FIM(r)| — Fs[M(r)| + Fo[M(r)]

OF M (v)|/OM (r) =0 —> M(r)
F — F|[M(r)

PIM(r)| — 8[M(vr) — Mi(r)



Statistical mechanics of BMP |

PIM(r)| — Cexp|l—F|M(r)|/kT'

FIMir)| = Fsg|Mir)| + F.|Mir) X %

P(A) - C / DM (r)P[M(r)|3(A ~ [A[M(r)]]) X, T%.

P(A) = CAZ exp(—A%/8kTe,) cosh(A /2kT) IR
H=0

e AT, H) =y (T, H)/320g% |1 *a” AQ




RAMAN INTENSITY (a.u.)

Spin-flip Raman scattering by donors |
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Spin flip Raman scattering in weakly n-type
(Cd,Mn)Se, bound magnetic polaron

Donor state in DMS
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Free energy of BMP |
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Contribution of BMPs to magnetization --

persistent photomagnetlzatlon in (Cd Mn)(Te Se):ln
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Origin of d-d exchange interactions in

DMS




Mechanisms of couplings between |
localized spins

Origin of the coupling: exchange interaction between the
localized spins and band electrons, -fN_Ss l 1

 INSULATORS
spin polarization of occupied orbitals

magnetic orbitals involved: ‘: ' |

Kramers and Anderson superexchange Mn Te Mn

non-magnetic orbitals involved:
Bloembergen-Rowland mechanism )



Doped materialsl

 MIXED VALENCE MATERIALS

E ‘/ c.b. (s orbitals)

d TM band

v.b. (p orbitals)

DOS
 Zener double exchange
. . ciff b
possibility of hopping lowers

energy Mnn Mnnt+1



Aﬁ c.b.

v.b.

-

Zener exchange mediated by free carriers
redistribution of carriers between spin subbands lowers energy

« METALS

(heavily doped
semiconductors)

I




« METALS
Ruderman-Kittel-Kasuya-Yosida interaction
Spin polarization of free carriers induced by a single spin
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Mn-Mn exchange mediated by effective
mass holes — localization issue

-- localized carriers (Bhatt et al.., Das Sarma et al., ...)

C,?\‘i““*c i)

1

-- delocalized carriers (Zener/RKKY model)
(Leroux-Hugon, da Cunha Lima,...., Dietl et al, MacDonald et al.)

I




Mean-field Zener model |

Which form of magnetization minimizes F[M(r)] ?

F = FSpins [M(r)] + Fcarriers [M(r)]
Fpins<= from M(H) for undoped DMS (T g, Xg5)
<= VCA, Mol.F.A, 6x6 Luttinger model

F
M(r) =0 for H=0 at T < T W e xR 1

carriers
if M(r) uniform => ferromagnetic order

otherwise => modulated magnetic structure



Making (lI,Mn)VI DMSs ferromagnetic:
Zener/RKKY MF model of doped DMS

Tc = Tow= Tg — Thp = superexchange

Tr= S(S+1)x N AcpS(Ez) B2/12L -3

Ag > 1 Stoner enhancement factor
(A= 1 if no carrier-carrier interaction)

pB®)N(Eg) = m*kg92 (if no spin-orbit coupling)

=> T- ~ 50 times greater for the holes
larae m*
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How to describe valence band structure?

Essential features: Cross-section of the Fermi surface
« spin-orbit coupling M || [100]

* anisotropy

* multiband character

NG| = 1.2 eV
=005

0.0




Mean Field Zener model

-- effective hamiltonian method

Kondo hamiltonian

H = _BSS Cross-section of the Fermi surface
« Luttinger-Kohn 6x6 kp M || [100]
effective mass hamiltonian 3

Hole-hole exchange:
Fermi liquid theory

MFA + continuous medium
approximation
<<N Zener =RKKY

n holes spins’

Rl _ _ K~ _aa _B_P®_ - A



Ferromagnetic temperature (K)

Predictions vs. experiment I
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Curie temperature in p-Ga,_ Mn As |
theory vs. experiment
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Anomalous Hall effect
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Theory: T, > 300 K
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Curie temperature in p-Ga,_,Mn,As |
theory and experiment

Ga, ,Mn As

T.(K)

-=== theory (x = x,,.)

= expl. (d=50nm)
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Ferromagnetism of Ge,_ Mn,
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Magnetoresistance hysteresis
n-Zn, Mn O:Al, x = 0.03
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Ferromagnetic Temp. T_/x__(K)

Ferromagnetic temperature in
2D p-Cd,_ Mn,Te QW and 3D Zn,_ Mn, Te:N
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Effects of confinement |
magnetic quantum wires - expectations

1D: T-(q) has
maximum at 2k¢

=>» spin-Peierls
instability =» SDW

]
q/2k _



Summary, spin-spin interactions in DMS |

= DMS with no carriers: merely antiferro
superexchange

=» DMS with carriers: ferro Zener/RKKY
 strong for holes
 weak for electrons
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