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Optimizing MBE growth and post-growth annealing of (Ga,Mn)As
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Optimized (Ga,Mn)As

50 100 150 200

1.0

(U prp)

o
o

0
T (K)
Gilbert damping
T e EEIESERNE
0 5 10 15 20
f(GHz)
g 1 a B 1
Kittel modes
T . I
e g R H
0 10 20 30 40
'UOHext (mT)

Not optimized (Ga,Mn)As (thicker films)

d

p (10° Qcm) M (emu/cm®)

4]
o

damping (107)

25.0

N
3

o

B

N

50 75 100

T (K)

25

5

Némec, Novak, TJ et al.
Nature Commun. ‘13



Optimized (Ga,Mn)As

L
I

10° 7,/ x,, (K)

Wang et al. PRB 13

1073 Te /x gy (K
]

1 L | L
0.2 0.4 0.6 0.8 1.0
P/Niy

Dobrowolska et al. Nature Mater 12

12



Series of optimized Ga, ,Mn,As

Fully reproducible and well behaved FM and degenerate semiconductor
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Series of optimized Ga, ,Mn,As

Fully reproducible and well behaved FM and degenerate semiconductor
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.. and tuneable, and compatible with Il1I-V heterostructure and fabrication techniques

.. and strong exchange and spin-orbit ~ 100s meV — strong disorder
(even unintentional) is not detrimental to spintronics in (Ga,Mn)As

.. and the full range of spintronic effects described qualitatively or semiquantitatively
by mutually consistent DFT, TB-Anderson, kinetic-exchange k.p models
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Intrinsic AHE in TM FMs 2004
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Electrical spin-tranfer torque
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Optical spin-tranfer torque
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Electrical spin-orbit torque

Optical spin-orbit torque
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Steady-state carrier spin polarization S — torque dM
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Steady-state carrier spin polarization S > torque _d'\{'
d(7) 1
= 7. H 7= (7
dt ih {[{T ]> > <rT>QM averaging in non-equilibrium

Electrical spin injection

Spin-orbit torque

H=Hy+H..+ H,, /‘5 3/6 6/

j j Internal

Steady state ,_ . Optical spin injection
0 s j_'>< T l<[_, i D
= — = —85 — (T -
dt B ih >
. (Ga’M“)As

dM J Ve 1 (5. H.0))
- — o4 — A\ T, S0
dt h H ih




Steady-state carrier spin polarization S — torque dM
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Optical spin torques in ferromagnetic semiconductor (Ga,Mn)As
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Magneto-optical parameters of (Ga,Mn)As
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Pump-and-probe magneto-optical signals in (Ga,Mn)As
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Pump-and-probe magneto-optical signals in (Ga,Mn)As

=
> 3l
QO ~ | | | L | L |
0 200 400 600
Time delay (ps)
| gy,
(b) - .
151 lO(l) ps
. 130ps 270 ps
%ﬁ 10|
S 05|
004
-2

Tesafova, Némec, Novak, TJ et al. Appl. Phys. Lett.“12

00 (deg)



MO signal (prad)
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Optical spin-transfer torque - experiment
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Optical spin-orbit torque - experiment
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Optical spin-orbit torque - experiment
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Optical spin-orbit torque - theory

Optical generation and relaxation

Photo-hole spin-density <> hole-density-dependent magnetic anisotropy field
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Electrical spin-tranfer torque Electrical spin-orbit torque

Non-uniform magnetic structure Broken inversion-symmetry magnet
Optical spin-tranfer torque Optical spin-orbit torque
Uniform magnet Inversion-symmetric magnet
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AFM semiconductors: prospect for room-T magnetic-semiconductor spintronics

TJ, Novak, et al. PRB "11, Cava Viewpoint, Physics 11, Méaca, TJ et al. JMMM °12, Wadley, TJ, et al. Nature Commun. ‘13
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Antiferromagnetic metals
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Spin-orbit-coupled Mott AFM semiconductor Sr,IrO,
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Field-rotation Ohmic AMR of Sr,IrO, AFM semiconductor
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Ferromagnets:

NRRRARRRRER

Ordered M=0: good for manipulation by magnetic field and detection by stray fields,

Magnetic field not employed in advanced spintronics

perturbed by <~T
produces <~T nearby stray field perturbation
High T not well compatible with semiconductor band structure

Antiferromagnets:

RREARARARY

Ordered M=0: bad for manipulation by magnetic field and detection by stray fields,
insensitive to <~100T perturbation
produces no stray field perturbation
High T, well compatible with semiconductor band structure
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AFM-alone room-T memory resistor

Insensitive to magnetic field and no stray field

-3

11.301 -
11.281
-1 0
u H (T)
2’_ ——RT r
1] —— 400k

m (x10 " emu)
o




: A
Laser-induced ultrafast spin : } —
= = = = o

reonientation in the ﬂl‘ltlf&l'l'ﬂl‘l'lﬂgl‘lﬂt S : ' S
TmFe0 45 S3 5 S

3 * - - 3
A. V. Kimel', A. Kirilyuk', A. Tsvetkov', R. V. Pisarev’ & Th. Rasing' L. S A ) J"o
Nature '04, Th. Rasing Plenary Wed 16:15 X L 82 S’[C 82

« S, 14 X7
Laser pulse
k endi
VOLUME 93, NUMBER 11 PHYSICAL REVIEW LETTERS 10 SEPTEMBER 2004

Ultrafast Manipulation of Antiferromagnetism of NiO
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