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Motivation ceee
Application set

Incorporation of magnetism into modern electronics - spintronics

Basic Research

Incorporation of magnetism into physics of semiconductors

Coulomb interaction, disorder, e-e interaction, electron — phonon interaction,

electron - photon interaction
+

exchange interaction
Mechanism of the exchange interaction;

Effects of the disorder, Coulomb and
exchange interactions interplay;

Peculiarities of the 2D quantum effects
in the presence of the ferromagnetism;

AHE origin;

[ | ] Magnetic structure. i



Brief history 43

Dilute magnetic semiconductors (DMS) are
semiconductors, in which transition or rare-earth metal
atoms randomly replace a fraction of atoms in the matrix.

The discovery by Ohno (1992) of ferromagnetic ordering in
manganese doped InAs with the 7.5K Curie temperature
fuelled DMS studies that resulted in fabrication of
(Ga,Mn)As compounds with the 180K Curie temperature.
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Dilute magnetic semiconductors (DMS) llI-Mn-V
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Intrinsic DMS — random antiferromagnets

Cd1-xMnx 2

00000000004, ZnTe
?

GaAs

GaSh

InAs

InSh

CdTe

Xmn = 9%
p =3.5x10%° cm-3

IV-VI: p-Pb,,, Mn,Sn, Te i:.
Story et al., PRL'86 ..
=
@
-V In, . Mn ,As Ohno et al., PRL'92 ®

Ga,, Mn,As O

I1-VI: Cd,,Mn, Te/Cd,

w Zn, Mn Te:N Ferrand et al., Physica B’99, PRB’01

10

© 100

Curie temperature (K)

* p*type DMS - Zener/RKKY ferromagnetics

300

hno et al. , APL'96 TC

_X_y

Zn Mg, Te:N QW Haury et al., PRL'97



DMS CY X

Possible interaction mechanism E;E:
| X J
o
l Exchange via free holes
RKKY interaction
Indirect exchange via empty states above the Fermi energy in the Zener

heavy hole band. Impurity spins are parallel. Hund rule favors the
exchange.

— =&k Fermi-energy




Ferromagnetism in 111-Mn-V DMS as the function of eee

hole concentration bt
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K. C. Ku etal., APL 82, 2302 (2003).
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mean field theory predicts

TC =CN Mnﬁzm* p1/3

Ny, — concentration of uncompensated Mn
spins;

B -- exchange interaction constant between

localized Mn spins and the holes (so-called
p-d coupling),

m* -- hole effective mass,

p — hole concentration.



DMS Ferromagnetism in 111-Mn-V DMS as the function of eee
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l l l Why does the Mn content exceed the hole

concentration?
Compensation; structural disorder

very low (10%%m3), it is not enough
for high Curie temperature.

To reach high manganese concentration
(10%tcm®), I1I-V DMS have to be
grown under non-equilibrium
conditions. Mostly molecular beam
epitaxy at low temperatures of the

order of 250 °C has been used.

*Mn enters the 111-V lattice to replace
group-l1l atoms as a di-valent Mn** ion.
e it brings into the lattice a magnetic
moment;

* at the same time it acts as an acceptor (a
source of holes).
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T In (Ga,Mn)As coes
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couple antiferromagnetically
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T. Dietl, H. Ohno, and F. Matsukara, (2001). Strategies: o

-- Increasing p and/or x in existing
ferromagnetic DMS (Ga,Mn)As

-- searching for DMS with greater
coupling constant xB?p(Eg) (nitrides,
oxides)

-- ferromagnetic inclusions
(nanocolumns, nanograins).

Lattice constant, @ (A)
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Quasi 2D DMS ? ceee
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Effect of gate voltage 4

Hall resistance (L1)

20 2 4 4 2 0 2 4
Magnetic field (kG) agnetic fisld (kG)

4



2D
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2D structures coos
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2D Crystal structure coeo
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Temperature dependence of the sample sss.
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TR AHE for magnetic ordering investigations oo
Y XX
| o000
H. Ohno, F. Matsukura / Solid State Communications 117 (2001 ) 179186 o0
o
0.03
— . y ’ L 1.5
e 0 DE‘ 5 ‘
= [\
g 000
g
-0.03
5
0.08
—2 0.06 , f
& 004l | @ | Determination of Curie temperature by
B | S | measurements of magnetization for
-
X o002} 5. | GaMnAs (x=0.053).
w

- |
300

Determination of Curie temperature
measurements for GaMnAs (x=0.053)

by AHE

17




TR

Anomalous Hall Effect 1
The Hall resistance R,,d=p,, = R,B + RM o2

Anomalous Hall Effect is proportional to magnetization. AHE depends @
on the strength of the S-O interaction and spin polarization of carriers.
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What is the main AHE mechanism

w In the case? s
J. Phys. Cond. Matt. 2008



Carrier-mediated FM via carriers in the 288
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Curie temperature dependence on the depth of quantum ,ee
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FM ordering inside Mn layer °co

N\ FM ordering occursin B
cnoe GaMnAs layer due to
itinerant mechanism.
Carriers in the quantum
well do not invoolved.

V.V. Tugushev et al.
PRB (2009)

There is 2D spin — polarized collective state in the

GaMnAs aria. The corresponding wave function is

expanded inside quantum well and acts on carriers
GalnAs causing their spin-polarization.

Mn !
GaAs
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Curie temperature dependence on the spacer thickness .
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AHE Anomalous Hall Effect -8

The Hall resistance R,,d=p,, = R;B + R;M bt
AHE is proportional to magnetization and is due to S-O interaction .
skew—scattering: R.o«c RY  ; side-jump: R_«c R?
For both mechanisms AHE depends
on the strength of the S-O interaction
and spin polarization of carriers.

Berry phase
v(K) = grad [e(k)]/h + (e/h)ExQ(k)
Q,(k) = 2Im[<ou/ok,|ou/ok,>]

O - does not depend on scattering

AHE current arises due to
scattering asymmetry

Renewed interest in AHE nature
T. Jungwirth et al.(2002), T. Dietl et al.(2003), A.A. Burkov et al. (2003)

2D case: S.Y.Liu etal. (2005), V.K. Dugaev et al. (2005)

b .



ARE Anomalous Hall Effect °es.

The Hall resistance R,d= p,, = R,B + R;M et
Anomalous Hall Effect is proportional to magnetization. AHE depends g2
on the strength of the S-O interaction and spin polarization of carriers.
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e Anomalous Hall Effect T
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R Anomalous Hall Effect °es.
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Magnetization -
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for example, phase separation in manganites



Mn delta layer
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Antiferromagnetic region

Magnetic moment of the lake is pinned by J;

The percolation transition in magnetic system affect scattering and results in
decrease of resistance — reason of the noise.

Due to shape anisotropy

magnetic moment of Mn layer aligns along

—

Is the exchange possible?

Due to quantization

spin of heavy holes aligns

perpendicularly l

w Yes, due to high Fermi energy and disorder.

dqw=10 nm, r,,.= 20-30 nm, K in plane is about K,

28
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Power spectral density of electrical noise ssss
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Conclusion -

Maximum in the temperature dependence of resistance .

and anomalous Hall effect are the sign for magnetic ordering
In 2D structures with Mn layer separated from the quantum well

Anomalous Hall effect was observed in 2D structures with Mn layer
separated from the quantum well

The unusual shifted hysteresis loop was observed

Disorder and interactions affect strongly both transport
and magnetic properties of the structures

Spin-polarization of carriers were observed

THANKS FOR YOUR
) ATTENTION .
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