


Pre-ristory

1820: Electric current generates magnetic field Hans Christian Qrste

(ihy*V, —mc)yp = 0

Dirac, Paul A.M. (1 February 1928). "The
Quantum Theory of the Electron".

Proceedings of the Royal Society of London
A. 117 (778): 610-24.




Spintronics Timeline

Pre-spintronics
Giant MR (GMR) Dilute magnetic semiconductor
1990
Magnetic Tunnel Junctions (MTJ) ™./ 2D,
o Spin injection & diffusion
l Spin Transfer Torque (STT)
Tunneling MR (TMR) \ Ferromagnetic semiconductor
2000 Spin Torque Nano-oscillators ! Spin Pumping
Ayetic Switching Spin Hall Effect'z
STT-MRAM / Magnonics
Spin Hall Nano-oscillators .
2010 Spin Orbit Torques (SOT) Spin Seebeck Effect
v Topological SOT
SOT-MRAM ' S
v »
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Brief History of Magnetic Sem

iconductors

IT, ,Mn VI semimagnetic semiconductors

* Plasma effects in IT, ,Mn,VI alloys - helicon waves
 Consequences of sp-d exchange interaction

Electrical transport studies
Optical studies

Spin entanglement

* Magnetic properties
- Discovery of spin-glass phase
* Neutron scattering

Unique opportunities in 2-D systems
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Pioneer work: Ag, . .mn, le ¢’ 5 ll

Helicon-excited EPR in Hg;  Mn,Te E/H = [(u,0B)2])/ne
Motivation: ePx

Enormous enhancement of H b= [50 ¥ %(ﬂowne/ B)X"

NZQC(TIVZ € Clnd ﬂ In-doped Hg, , Mn,Te 28l Intrinsic Hg,_ Mn,Te
x=0.03 -
o, = eB/m* » w, 1/7; e “r
20l
- *x L
(a)p)Z = ne?/(m*e) » ww, 8 L ol
g Sl
R. T. Holm and J. K. Furdyna, Observation of f A
helicon-excited electron paramagnetic L ‘34:
resonance in Hg;_ ,Mn, Te, Solid State z ChE T
Commun. 15, 1459 (1974). 7 °[re_®r ey = mE W
D. P. Mullin, R. R. Gatazka, and J. K. Furdyna, ol ﬁ;
Microwave helicon propagation and the R B e e -
dynamic magnetic suscepftibility in MAGNETIC FIELD (KILOGAUSS) T
Hgl_anxSe, Phys Rev. B 24, 355 (1981). FIG. 3. Transmitted helicon (CRA) amplitude in %

In-doped crystal (n = 5.5 X 10 Cmﬁ‘) asa function FIG. 2. Real and imaginary parts of the dynamic
of B at 4.4,36.5 and 63 K. No transmission is ob- susceptibility X, as a function of B, corresponding to

£5) -l f ;l\i il:}[:é served for the CRI polarization. the data of Fig. 1 in the immediate vicinity of EPR.



Effects of Mn on energy band structure:

The sp-d Exchange Hamiltonian SMSC
Hy = Ho + H,, oo

J. Kossut, pss (b) 72, 359 (1975)

This leads to an enormously large g-factc

e.g., for electronic states

Deff = 9: + aM/(2pp°
Gets = 9 + PM/(2pp?
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Note: g.¢+ ~ M [M gives rise to an exchange
field, which is like a magnetic field, but acts

only on spins]

1 0.0 0.1
Wave vector k (a.u.)

g ~ pM



Consequences of sp-d exchange interaction
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Ferromagnetic Semiconductor

-

GaAs -
standard -V semiconductor

Group-ll Mn -
dilute magnetic moments & holes

(Ga,Mn)As - ferromagnetic semiconductor

T MBE) T HEANE

- carriers with both strong SO coupling and exchange splitting, yet simple semiconductor-like b

Mn 3d> (5=5/2, L=0): no SO coupling just help to stabilize ferromagnetism
- AHE, GMR, AMR (GPHE), TAMR, Coulomb blockade AMR etc.

Favorable systems for exploring physical origins of old spintronics effects and for finding new ones
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yond llI-Mn-V ferromagnetic semiconductaor

Ml =1+ 1l >Ga=Li+Zn

GaAs and LiZnAs are twin SC
(Ga,Mn)As and Li(Zn,Mn)As
should be twin ferromagnetic SC

But Mn isovalent in Li(Zn,Mn)As

— no Mn concentration limit
— possibly both p-type and n-type ferromagnetic SC

(Li / Zn stoichiometry)

Fe instead of Mn, GaFeSb etc.;
Other magnetic elements: Cr, Gd, Eu ...;
Other semiconductor hosts;

From Ferromagnet to Antiferromagnet, magnetic topological insulator

Masek et al. P




Origin of spin-orbit (50) interaction

Spin-orbit coupling term couple
the electron o=2S/h with move

_ | the electron mv = p —eAn pre
magnetic moment of electron electrical field E.

Spin-orbit interation [E = —uBBeff] due to orbital motion

eh
electron Hsoc = apy L [E x (p— eA)]
e electron’sre: me The maximal coupling is obtaine
o —— e Ber all three componets are perpen
nucleus each other.
The spin-orbit term can be d
from solution of electron state
o ~ | Exp n n relativistic case. The equation
Feo = —1g0 [chz} { Hzeeman = —Hp0 B } relativistic electron.is called D
T equation, relativistic analogu
| Exp Schrodinger equation.
vector of Pauli Berr = 2

spin matrices 2mc H e



Dirac equation: non-relativistic limit

m@ng; ) _ Hor,t) = (cé - p+ Bmc2)i(r. t)

When Dirac equation is solved up to order 1/c2, we get

1 (T ?
H =5 (TV — eA(r)) + V(r) + mc? Unrelativistic Hamiltonian "
e
—————0o-|[Ex(p—eA
— e—ha -B Zeeman term 4m?c? | (p )
2m ___eh - [E x ]"‘ﬂ [E x A]
__eh o-[Ex(p—eA) Spin — orbit coupling ~ame” P aea?
4n'112c2 = Hsoc + Hame
Ry (p — eA)* Mass of electron increases with speed
h’e _, .
+ 8m2c2v V(r) Darwin term

Darwin term: electron is not a point particle, but spread in volume
of size of Compton length ~ h/mc.



Electric field E in solids (semiconductor)
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Bulk inversion asymmetry (BIA)
Lack of inversion symmetry in
[1I-V semiconductors

"Dresselhaus contribution y"
Ky
Bgin ¢ v (_ky)

Structure inversion asymmetry (SIA)
due to macroscopic confining potential:
"Rashba contribution o". Tunable by
external electric field!

K
By < @ (_i/(x)

A
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SO Interaction In 2DEG: Rashba & Dresselhalisern

1A . tunable by gate voltage  ky ll1010] Kk,
H= m +Hgo WV }Dauli spin matrix ol [110] 110]
HSO = OL( ky °y )+Y(0X O'yky) I k., 111100]
U U ~— _J xlneel X
~
Rashba Dresselhaus
» h'k’ n'k’ BIA=0 BIA=0
(a) pe (k) =0 (b) E (I-:) P T o, ‘k‘ SIA=0 SIA=0
m
72
E 4 E A E:—i(a+y)‘k‘
2m
Er Kx 11 [100]
= — T (0 —
> Kk > K BIA#SIA 2m !




Introduction to spin torques and spin-orbpit {Qrau

Magnetization reversal:
“the art of magnetic writing”
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Writing by current: non-relativistic spin-tra

Spins injected from external polarizer in a non-uniform magnetic structure

- STT-MRAM



Introducing the STT terms in the LLG equation:

Ferromagnet Non-magnet Ferromagnet

Ly
Mool ogyoye

Damping-iike (DL) Torque

S = oM X Hopp +——M X “24+Tp M X (m X M) + (FL)
t
- FeldHike(FL) Torque
AM dM
'E:_WMXEW+§ﬂ“ﬁT+UM+TﬂMX7"

t
Notes: - Tp; and 7, depend on material (e.g. M), geometry, current (J)

- m depends on the effect that gave rise to spin accumulation.
Directions of FL and DL torques may be inverted depending on the direction of m.
For STT, m || Mpinned. In some other structures for spintronics, effects arising from

spin-orbit coupling, like spin-Hall and Rashba, can give rise to different spin accumulation

H¥HiK5 HHE#

and torques. These torques are called spin-orbit torques, SOT.

Hefi

Larmor
precession

Larmor
precession

Damping




Writing by current: relativistic spin-orbit to

Spin current in a uniform magnetic structure without external polarizer

In-plane current switching
Miron et al., Nature ‘11 ok
0,

d b Low current C High current, d High current,
—damped motion —stable precession —switching

Applied field

Initial
Magnetization !

H EHE 7158



Reversible control of magnetization by spin-orbit torgus
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[170] [110] x
Qp o k? Dresselhaus term

Ga, ,Mn,As (6 nm)/GaAs(100)

T=40K

j x10° (Adem?2)

‘Domain wall motion

Q, = CAe(k,,—k,.0) Strain
Qr =ar(—k,.,k..0) Rashba

BRHGA A IE

Chernyshov et al., Nature Phys. 5, 656 (2009). -
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Magnetization switching:

AC Hall voltage and AMR
modulation

'Spin-torque FMR:
(Resonant AC current
excitation AMR readout)

MOKE




Spin-orbit torque switching in a perpendicular magnes
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COMMUNICATIONS

ARTICLE
https://doi.org /10.1038/541467-019-10553-x OPEN

Efficient full spin-orbit torque switching in a single
layer of a perpendicularly magnetized single-
crystalline ferromagnet

Miao Jiang!, Hirokatsu Asahara!, Shoichi Sato!, Toshiki Kanaki!, Hiroki Yamasaki!, Shinobu Ohya'23 &
Masaaki Tanaka"?

Spin-orbit torque (SOT), which is induced by an in-plane electric current via large spin-orbit
coupling, enables an innovative method of manipulating the magnetization of ferromagnets
by means of current injection. In conventional SOT bilayer systems, the magnetization
switching efficiency strongly depends on the interface quality and the strength of the intrinsic
spin Hall Effect. Here, we demonstrate highly efficient full SOT switching achieved by
applying a current in a single layer of perpendicularly magnetized ferromagnetic semi-
conductor GaMnAs with an extremely small current density of ~3.4 x 10° A cm—2, which is
two orders of magnitude smaller than that needed in typical metal bilayer systems. This low
required current density is attributed to the intrinsic bulk inversion asymmetry of GaMnAs as
well as its high-quality single crystallinity and large spin polarization. Our findings will con-
tribute to advancements in the electrical control of magnetism and its practical application in
semiconductor devices.



SOT switching and mechanism

a I (mA) b I (mA)
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Temperature and Field dependences of SOT switc
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b J (A cm™?)
g
40 20 0 -20 —40 (x10%)
) ) Elll . t the scenario described above. Here, we consider the SOT
., < perimen switching result obtained at 40 K for the device with metal elec-
—— Simulation trodes as heat sinks (see Fig. 3b) (i.e, J // y with H,). The LLG
l equation is expressed as
m = —ymx H+ amx m + {pp(mx 6, x m) + {pr(0,x m),
(1)

LLG simulation and comparison with experimentalifesui
cumes ar well eproduced by the LLG equation, which confms

X
o
where m is the derivative of m with respect to time; H is the
effective field consisting of the external field, the anisotropy field,

Hp, and Hg; y is the gyromagnetic ratio; a is the damping constant;

(pyr is the DLT coefficient; and (. is the field-like torque (FLT)
coefficient. Here, we replace {10, with 7S, and {10, with

ﬂ%!éx, where Sn}x is the effective magnetic field in the x direction
and r expresses the strength of the DLT relative to the total SOT:

when ris 0, only the FLT is present, and when r is 1, only the DLT
1s present. As shown in Supplementary Note 4, the LLG equation

r=05
-1.0
0 i

-2
S, (kOe)
can be transformed into
siax (H 4+ B8,) — ariax (H +i§r), (2)
s

(3)

m
}r.l'
1—r(l1+a%)

r=09

where

r=0.95 \J
0.5
= 0.0

1
—-05F
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SOT switching in a perpendicularly magnetized GainasS®
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Hall Resistance ((2)

in C VASP

T = 55K IH,|=3000e ——[1-10] —[110] , B
200F" B “H Current induced magnetization
M, 1/ +z Hext M ext| | switching for the (Ga,Mn)(As,P) film.
1001 o Hall resistance was measured as a
_ function of current at 55 K for four
0 initial conditions. (a) up magnetization
: and -300 Oe external field, (b) up
-100+ magnetization and +300 Oe external
; - field, (c) down magnetization and
-200+ i (I?) +300 Oe external field, and (d) down
200 Hext M./ -z magnetization and -300 Oe external
A field. Current scan sequences are
190 i shown as dotted black (right-hand
0_ chirality) and dotted red (left-hand
chirality) arrows for the date plotted
_100; with open and solid circles, which
_ _ I represent data obtained from the
200! (¢ | | ‘((.j) | | | | [110] and the [110] measurements,

10 20 20 -10 O 10 20  respectively.

J (X10°A cm?) i 4 PR 0 e e R i



Arrangement of the SO torques in hysteresis loop

+x
[110]

(d)

X
[110]

Such current direction dependence of SOI field is a characteristic of the Dresselhaus-type of SOI fi
T PN R A Y E i

(b)
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[001]
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SOT switching in Zinc-Blende symmetry: [110] vs
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The net SOI field was larger for the [110] current direction than for the [110] current direction, indicating that the Dresselhaus-
type field is stronger than the Rashba-type fields in our in a (Ga,Mn)(As,P) film, consistent with current and field scan
measurements. The calculated values of Dresselhaus-type and the Rashba-type SOI fields are H? erf = 13.6 Oe and HE erf = 7.5 Oe,

respectively, at the current density of 8.0x10° A/cm?. The Dresselhaus-type and the Rashba-type SOI fields are systematically

increases with current density and about 2:1 ratio between two types of fields maintains over all measured current density.
I 4



Concentration (%)

) ] 8
As% 0 = 10 GaAs 004
T L 3106
~ V= g10
> 028 R = g
E"‘ 0.25 a C £ 10°
&3 0.21 x 450 "E' 65
S 018 = 8
c 014 8 - ‘g -31.46
= 010 e a 3148
() 006 T T
~ 0.03 4100 £ 3144
£Th ¢ 3143
50 100 C
-31.42

Sketch of the 8-layer graded sample. Dark field TEM image of the
sample cross-section (the scale bar is 20 nm). EDX and XRD scans of
As and P concentrations are shown on the right.
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Magnetization M (emu/cm®)
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GaMNASP=Z = AT A SO e

L\ H=0.5mT —— 710
——[110]1
i ——[010]
i ——[001]-
- T, =50K -
0 20 40 60 80
T (K)

5K |

-75 50 -25 O
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H(mT)

Magnetic characten

H||[001]

H||[100] VA
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H||[170] 2000
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0 100 200 300 400 500 600 700 0O 100 200 300 400 500 600 700
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The layers in our graded film are strongly coupled
magnetically. As a result, they behave as a single layer film
with in-plane magnetization, dominated by the layers close to
the substrate, carrying a smaller P concentration, maximum
density of the delocalized holes, and compressive strains.
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GaVInASP zﬂj% S A

a)-(c) Magneto-optical images of the
nucleation and growth of domains
during perpendicular remagnetization
at T 5K. The sample is initiall

V.K.V. et al., PRB 98, 180411(R) (2018)

Unique Domain ig




GaVINASPZ2 )= I A A

totally
asymmetric

Sketch of symmetric and asymmetric 90° Néel domain walls.
(a)-(b) shows the distribution of magnetic charges p,,
specific for planar Neel walls. In the symmetric case (c), p,
changes sign across the DW. However, p,, has only one sign
(with maximum in the middle of DW) in the asymmetric
Neel wall (b), which strongly extends the range of stray
fields Hs and increases the resulting magnetostatic energy.

Asymmetry of dom



GalVINASP =) = e S AN e

Bl ’Vqﬁ% Epw= A(de/dy)?+ Kesin?22(@+@w)+Kusin?(@+@w -1/4)-1/2MyHsy -
. Yoo L W YT Gu-D
Eaz A T == Bu-1) .
o, 100 Here, y is the coordinate along the DW normal, A = ':El : / \
S (O (A/K)V?, A is the exchange constant, g = K, /4K, = “':‘N' a 90-a
4 ) sin 2a, K, and K, are the cubic and [110] uniaxial anisotropy 2 \ )
Q§ constants, v = tan(¢ + ¢y, ). ¢ is the angle between M and y. 55
o ¢y, 1s the angle between y and [100]. and C(¢,,) gives the E’ =
. = Mo 2 position of the DW, whicl? can be chosen, e.g., as y = Oat L [Olf] [li(]
) o+ ¢, =n/41e,u=1in(l) !
. 0—100 -50 (I) 50
—Pw— Pw (deg)
=l Eady = [0 By de/ % =(AK) V2L 7 S sin2(p + ) — B dp = l \
=(AK) V2 [2(1-p2)1/2-Br /2] ems==-h? M2 [ cos @(y)dy [ sin p(y/) (52 /6=y

This means that ea does not depend on the DW orientation @w. -'

V.K.Vlasko-Vlasov et al., PRB 98, 180411(R) (2018)

Micromagnetic



GaVINASPZ2 )= I A A

Hp, =D, (Si ij)

A.l. Liechtenstein et al. IM
M. Heide et al. Spin Orbit Dri
S. Meckler et al. Phys. Rev. B 8
A. Fert et al. Nat. Nanotec. 8 (2

Infinite stripe: D <D.=.\/4/ K collinear
Infinite stripe: D> D, spiral \
Finite stripe: D < D, canted

/bbb N
Dzyaloshinskii-Moriya intg
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FIG. 6. Bloch and Néel walls, right (RH) and left (LH) handed.

M. M. VALIZADEH & S. SATPATHY PRB 97, 094419 (2018)

Due to the DMI, magnetization in the Néel DW tilts slightly out of the plane, as shown by ellipses with their small
film normal Z. Within the DWs, M rotates in the film plane and out of plane as shown in (b) and (c). Magnetic c
shown by + and - are defined by the asymmetric in-plane rotation of M. All the DWs around the nucleating dor
CCW chirality for rotation from M2 to M1.

Dzyaloshinskii-Moriya intg



Summary of Spin-Orbit Interaction

Intended applications:

Spin Hall Effect
Spin Transistor s Quantum Spln Hall Effect

Information technology-IT (e.g.
security)

- Biomedical (e.g. sensors)
- Telecommunication-T (e.g. transceive

Artificial intelligence-Al (e.g. neuromor

Among current research topics:

- Topology
- Transfer of angular momentum: electron, p
- Terahertz spectroscopy and technol
- ‘New’ materials / structures
- Spintronics

- Mature fields: MRAM/Desi
Oscillators (T, Al)
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Length- and energy-scales
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Length- and energy-scales
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