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Abstract: We consider the effect of an in-plane current on the magnetization dynamics of a quasi-two-dimensiona spin-orbit coupled nanoscale
itinerant ferromagnet. By solving the appropriate kinetic equation for an itinerant electron ferromagnet, we show that Rashba spin-orbit interaction
provides transport currents with a switching action, as observed in arecent experiment (1. M.

Miron et al., Nature 476, 189 (2011)). The dependence of the effective switching field on the magnitude and direction of an external magnetic field
in our theory agrees well with experiment.
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Brief overview (I)

Quasiparticle-"condensate” interaction in macroscopic quantum phenomena:
-Electrons assemble themselves into a collective bosonic degree of freedom,
that is, an “order paran -

-Properties of the “condensed” system are described in terms of weakly
interacting

-Dynamics of the of freedom is strongly affected by the
transport of quasiparticles.

DP, A. Andreey,

B. Spivak, PRL'09 (Andreev reflection)

(STT)

"

)

QHE

(bilayers)

DP, A. H. MacDonald,
INn progress

DP, A. H. MacDonald,
PRB, 2011
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Brief overview (Il)

Last several years: a huge outburst of spin-orbit-interaction-related activity

(Pseudo)
Magnetic
Fields

Strong
Correla-
tions

Spin-Orbit

Interactio DP, D. Abanin,

DP, L. Balents, . .
In preparation

Nature Phys.” 10

Disorder | DP, D. Abanin,
PRL 11
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This work

What happens when one combines spin-dependent transport of an itinerant
ferromagnetand a strong spin-orbit interaction?

GMR
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This work

What happens when one combines spin-dependent transport of an itinerant
ferromagnetand a strong spin-orbit interaction?

pin—transfer torques

GMR

Pirsa: 11110141 Page 7/44



Brief history of Magnetic Recording

Full History Disk Areal Density Trend
1000 l
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o_unnnm:.... ........... } PV VST VA WAV WS VIRV U VORI,
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Year of Production
(Slide courtesy of B. Whyte, IBM)
‘Cusps’
1958 — hard disk invented at IBM
1988 - GMR

1991- GMR read head
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Challenges of Magnetic Recording

Miniaturization problems:
-Thermal stability
-Stray magnetic fields

-Mechanical stability

There are already many improvements (TMR, perpendicular writing, etc)
But what will the next big “cusp” be?

Generally, it is hard to apply a magnetic field locally to a nanosize system.
control could be preferable (e.g. using spin-orbit interaction).
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A way to go: Spintronics (?)

Spintronics: also known as maagnel ronics, IS an emergent technology
that exploits both the intrinsic spin of the electron and its associated
magnetic moment, in addition to its fundamental electronic charge,

in solid state devices.

-Wikipedia

During several last years there has been an explosive development of research
In spin physics in semiconductors - research that indeed has yielded a large
variety of interesting and spectacular phenomena. Since this is not sufficient for
fund-raising purposes, virtually every article describing this kind of research
presents the following justification: this work is important for future quantum
computation as well as for the emerging field of spintronics.

-Mikhail Dyakonov, “Spintronics?”,
http://arxiv.org/abs/cond-mat/0401369
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Some experimental directions

Control of ferromagnetic properties:

“Electric-field control of ferromagnetism”
H. Ohno et al., Nature’'00

“Electric Field—Induced Modification of Magnetism in Thin-Film Ferromagnets”
M. Weisheit et al., Science’07

“Electric-field control of local ferromagnetism using a magnetoelectric
multiferroic”
Y.-H. Chu et al., Nature Mat.’08

Control of magnetization with spin-transfer torques:

“‘Current-Induced Switching of Domains in Magnetic Multilayer Devices”,
E. B .Myers et al., Science’99

‘Current-induced magnetization reversal in magnetic nanowires”
J.-E. Wegrowe et al., Europhys. Lett.’"98
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CIMR: Experiment of I. M. Mihai et al.

CIMR - current-induced magnetization reversal
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(from |. M. Miron et al., Nature 2011)
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CIMR: Switching field

Critical current:

Switching in the presence of an external B,:

‘
\ /
/ a 30
/ el
a b ' B
24 *
~ swil ~ &" 29 .
b — E
G E < 2 *
o' ' 18 *
fa 16 *
14 * L
2.1 2.4 2.7 /21 2.4 2.7 | 12 bl el
f,‘: (mA) \ ’ J;- lm}\) 0 20 40 60 80 Qo0
\ / | Tp (NS)
\

Bl + B, = [(31.. allows to estimate
B~ 70 —80mT/10°A /cm”

(from |. M. Miron et al., Nature 2011)
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Related work

Experiment:

-“Current-Induced Spin Polarization in Strained Semiconductors”,
Y. K. Kato et al., Phys. Rev. Lett. 93, 176601 (2004).

- “Magnetic switching by spin torque from the spin Hall effect”,
L. Liu, et al., cond-mat:1110.6846

Theory:

-“Small-angle impurity scattering and the spin Hall conductivity in
two-dimensional semiconductor systems”,
A. V. Shytov et al., Phys. Rev. B 73, 075316 (2006)

-” Out-of-Plane Spin Polarization from In-Plane Electric and
Magnetic Fields”,
H.-A. Engel et al., Phys Rev Lett. 98, 036602 (2007)
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X P >
g A0,
| s Co
T pt
' Ingredients
: Structural Inversion Asymmetry Ferromagnetism
:“Rashba”Spin—Orbit Exchange Interaction
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Rashba spin-orbit interaction

][,s'() %#U(E1 X %V
¥ ¥ + ¥ |f ¥ FF
. Ry,
For free-like electrons 7V — P
(notreally true for the d-orbitals in transition metals)
][,‘w‘() y ]{“Elhhl).‘l RO Z X P ”[1’(/).:'(7y /);;(TJ‘)

Hr.shba @Cts as a “magnetic field” in the presence of a transport current:

/;H ~QaRZ X .i

This provides a way to control spin electrically.
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Rashba spin-orbit interaction

]l,u,'() ll_’(T'('E[ X iV

4 m=c*

¥ ¥ + F |f ¥FFF

) ] =
For free-like electrons ;V — P

(notreally true for the d-orbitals in transition metals)

][,‘-s‘() ’ ]{l\,ilhhl).‘l apo - Z X P Q /1’(/).:'(7y /);;(TJ‘)

Hrashba @Cts as a “magnetic field” in the presence of a transport current:

/;H ~aRZ X .i

This provides a way to control spin electrically.
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Ferromagnetism/Band structure

1
lf
J

In principle, 12 relevant bands

" s-bands
for a 3d transition metal (e.g. Co)

W Y R - Er
s [ n;:'v"{ | A 3 g il / !
-\'l ?{I;{r if: 1 "]}i 'I‘. \ |/ i .!‘\
E\ ) {/ fih | _\'>-’" ERY
g .‘ V] ".
(fromMcMullan et al., PRB 1992)
DoS

»Both d- and s-electrons participate in transport, and are strongly hybridized
»Rashba S-0O exists both for “d”’- and “s”-electrons, “d”-electrons have

a large atomic SO (but SO is dominated by Pt!) and a large DoS at FS
»Realistic band structure is very hard to treat, we will use two models:

~"itinerant transition metal ferromagnet”

'magnetic semiconductor”
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The two models

d-bands|

| .. . . s-bands
1) Itinerant transition metal with a minority FS:

(two-fluid model)

a) |Impurity scattering becomes spin-
dependentin the presence of strong
microscopic exchange fields.

b) Scattering into minority d-states strongly
reduces the transport time of the minority
transport electrons. DoS

c) Spin splitting at the Fermi surface is insignificant

2) Magnetic semiconductor:

a) Exchange interaction is provided by dilute
magnetic impurities in a 2DEG

b) Spin-dependence of scattering is insignificant,
the effects are due to the spin-splitting of
the band structure

DoS
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The idea of the calculation

Since the dynamics of quasiparticles is usually much faster than that of
the order parameter, we can solve the static kinetic problem in the presence of
a time-independent exchange field:

. | ‘
H, = / drW! ((Ap — SBI)U + ["v:lih) (/3

B, = —-Axm+ 20z X p,
Ugis = Z o(r —r))(uy P +u_P?), Pl =(1+om)/2, uy >u_.

| 6(H) D

Hg=——— = — ), §=h0lg, WU, /2
f Ms om Am“>” i ad /

<...> stands for the average over the s-electrons, /.e. the average over a
stationary nonequilibrium state in the presence of an electric field. Have to
solve the corresponding kinetic equation to find it.

The disorder-averaged Kedysh self-energy is given by
¥(r) =nAG )y, 4 =uyPY +u_PY

!
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Symmetry considerations

What are the terms allowed by symmetry?

Sx Sy S, Ex m, m, Z
XZ . - : 1 : . m Y
YZ + i : : + _
(for a real material, the analysis mustbe based on point groups of the lattice) E X
Sp~F,m., s,~Fk, s.~FE,m,

Two effective “switching” fields can come from this:
Hﬂ“v ~ My M, M

|
Hgy ~ e, X m

If these quantities are , they will indeed lead to switching.

Pirsa: 11110141 Page 21/44



Symmetry considerations

What are the terms allowed by symmetry?

Sx Sy S, Ex m, m, Z
XZ : i . 1 . . m Y
YZ + - - - + -
(for a real material, the analysis mustbe based on point groups of the lattice) E X
Sp~F,m., s,~Fk, s.~FE,m,

Two effective “switching” fields can come from this:

Symmetry considerations

H!\\' ~ My 1M, N

J 5»1. S L Ey m, m, z
Hgw ~ ey xm T
If these quantities are , they will indeed lead to switching. 2h s
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Physical picture

Because of the difference in scattering times, “ups” and “downs” respond to
an electric field differently:

(S-flm' — _(‘ETnUp.f!h . _(Jb"fg(.)pf”, CcOS O

This leads to a non-zero magnetization in p-space:

OM,, = m(—eE (T — 7,)0pfin) cos O

In the presence of a spin-orbit interaction, this magnetization precesses
around its y-component with a net local magnetization generated:

B, (o )

HRashba = QRO - Z X p = app(o, cos ¢ — g, sing)
0))

0)
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Physical picture

Because of the difference in scattering times, “ups” and “downs” respond to
an electric field differently:

0fpo = —€ET:0p fin = —€ET50p fin cOS O

This leads to a non-zero magnetization in p-space:

OM, = m(—eE (T — 7)0pfin) cos @

In the presence of a spin-orbit interaction, this magnetization precesses
around its y-component with a net local magnetization generated:

B, —=m)

HRashba = QRO - Z X p = app(o, cos ¢ — g, sing)
()

0)
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Results: magnetic semiconductor

IV € 4" XC
R alNple|EAy.T
H_ ey,
Mg
w alNgle|lE mgzm.,
H g 70 5 1,
M., my F2ms
192, -
. aonr. 2YFT
Jir 2Npe o E.
pr Ovp -
Yo = — - — 1 - Non-parabolicity parameter
v Op g

The result for the Rashba component coincides with the one in the literature,
Manchon, Zhang, PRB'08. The switching field cannot be obtained within that
treatment, as it neglects energy dependence of the scattering time completely.
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Results: magnetic semiconductor
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Results: magnetic semiconductor

R aNple|EAg.T
H[_”' \V/ €y,
iVl g
- alNgle|lE mgm,
H:q Y0 2 . o2,
M, mi + 2m;
2 -
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v Op
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Results: itinerant ferromagnet

aps A2 72

R 2 - Syel ]

H_ le| E(Tmaj — Tmin) m x e, X m
‘f v ‘ o T]l.l_ Inin y ?
ot} 672 M, ' 1 + A2, Tf

3 I
. aps _ AL .TT |

Hii e[ £(Tmaj — Tmin) - e, X m
+ff ¢ <\ I'ma, min : _ v
( 672 M I 1 + A2.77 AxeTl
. J[) .

Jir 6 ) (Tmuj + Tmin)h-
)T =

The present version of the Rashba field produces a torque in mxe, direction,
thus its torque is indistinguishable from that of a magnetic field of the same
magnitude pointing in y direction. This field, however, does not produce any
Zeeman energy.
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Results: itinerant ferromagnet

aps A

R a - ALeT]

H . le| E(Tmaj — Tmin) m x e, X m
f y ¢ “\Tma, min J ) ’
o 672 M, ' | + A2.77

’{ A D ]
, aps _ AL .TT |

H le|E(Tmaj — Tmin) = e, X m
v v ‘ o Ima Imin ‘ b y A
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. :I) 3
Jir 62 (Tmuj + Tmin)h-
T4
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Results: magnetic semiconductor

y (1;\'[4‘ ¢ [‘J‘A\‘T
R
H[_”' €y,
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H:g 70 5 N,
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2 -
. anr 2YF7 A
Jir 2N e 5 E.

pr dup -
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vp Op

The result for the Rashba component coincides with the one in the literature,

Manchon, Zhang, PRB'08. The switching field cannot be obtained with g+ Reilis masnetic semiconductor
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P
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Results: magnetic semiconductor
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Results: itinerant ferromagnet

ap; A2 72
R F Y —xc ! |
H_ le| E(Tmaj — Tmin) m x e, X m
v f N ‘ o Ima Imin y b
ot} 672 M, ' l + A2, Tf
3 A9 9
. ap _ AL .TT |
Hh\\. ‘("1' (T . T ) X( e ¥ m
+ff ¢ <\ I'ma_ min : _ v
( 672 M | 1 + A2.77 AxeTy
. J[) .
Jir 6 9 (Tmuj + Tmin)h-
Y=

The present version of the Rashba field produces a torque in mxe, direction,
thus its torque is indistinguishable from that of a magnetic field of the same
magnitude pointing in y direction. This field, however, does not produce any
Zeeman energy.
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Comparison to the experiment

HY /jie ~1T/10%A /em?  (Miron, Nature Mat.'10)

HSW /HE, = 1/ Dot S
We use Landau-Lifshitz equations to find the 248
critical switching field, i.e. when, say “up” El N
direction becomes unstable: BRT B .
Y 9 16
(i;;l — _Ill >< (H('” + H{llli}'\' —+_ H('Xl) _+_ (IIll >< ((,;:l 14 * *
L . . i . A L
{ ) ) 60 ) )
Tp (NS)

To reproduce 1~1-1.5 mA, we get

[(H[?\ /7ty ~150-250 111'[‘/1()'R;\/('1113

Miron reports ~70-90 mT'/10%A /cm?
(but it cannot be directly compared).
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Results: itinerant ferromagnet

ap; A2 12
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s . o ma, min D) )
‘ 672 M, ' l + A2.77
’{ A D ]
, aps _ AL .TT |
H le| E(Tmaj — Tmin) = e, X m
1 . o ma, min ‘ ) Y
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Comparison to the experiment

HR /jie ~1T/10%A /cm?  (Miron, Nature Mat.'10)

HE3V /HR = 1/AxcT) a o,

We use Landau-Lifshitz equations to find the 248

critical switching field, i.e. when, say “up” g e

direction becomes unstable: BRT B .

Y 9 16

(i;;l — _II]- X (H('” + H{lllih' + H('Xl) _+_ (IIll X ((,;:l 14 * *
LY . . : . A L

L ) ) 60 ) )
Tp (NS)

To reproduce 1~1-1.5 mA, we get

]H\\ /Gt ~150-250 mT /10%A /cm?

Miron reports ~70-90 mT/10%A /cm?
(but it cannot be directly compared).
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Theory of CIMR: Kinetic equation for
Spin-Orbit coupled electrons

Boltzmann equation in the “usual” case: independent spins

af?

. Jep Of°
Ot a5

Jdp OJr

VoL 71 ¢ fo—{fp)
+ (E(r')p = I “Iﬂ 7 _%
How to generalize it to the case with a spin-orbit interaction?

»Promote d.f. to the density matrix: need to keep off-diag. matrix elements!
»Add precession terms to the I.h.s.

»Write the collision integral carefully
(all steps are accomplished via the usual Keldysh technique route)

0 PP iByo. fol + cBdpfun =~ T [, 7?7

Almost, but still not quite correct
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Kinetic Equation: part ||

The reason the naive generalization does not work is the fact that the
collision integral produces a “generation term” in the presence of
a transport current (Shytov et al.,, PRB 2006)

o ATt A | SO 7y )
Pure Rashba model: Hy = [ dry ((" —3Bpo+ (""‘) Vo
80 _ 0. - 1
A \ Bp - %i})ﬁ xP, &(p)= ‘p EHBI’
€4 (I)}I ‘

v=-—1

7ai)
e

.\.[1, X Ip >_z’,_',, O(e pu €p'1/ )(""l)p | U’l)pr ](HI, N;,)
TH‘N
v ~U 1
Scattering of an unpolarized electron
D off an impurity generates magnetization

In p-space.
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Physical picture behind KE

Motion of electron spin in and fields:

p=cE — By = Bp(t)

An electron’s spin cannot follow adiabatically a time-varying field:

$=sx B, = ds; x “E°e - generates z-component for all fields in plane
P
Disorder relaxes it (Dyakonov-Perel relaxation), and “-g”

For a generic band structure and scatterers, these
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Kinetic equation

I | ' .
O fp 5 {“I”P _)t’)pnl,ﬂ.f)l.‘/'p} _‘; Bpo, fp| + eEdp feq [,

l ) ' ffl'_)l)’ - 7 . 3 7 ) ! . " )
].-.‘ INoT Z‘ / (2‘_”-_;("(“'(]’] ’J-'([) )) (11(]))(“) ,/p’”)a"([) ) 11"(]’ )(,/p .,p’)lr'([)}) .

€.(P) = ¢p — %ulf,, - This is the quantity conserved in a collision

P,(p) = g (l + vo ﬁ") -Projectors onto the eigenstates
I (majority and minority bands)
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Collision Integral

Keeping only terms linear in the exchange and spin-orbit fields:

| " d%p : : .
l.\r N / '7/ .u")(’ p Cp’ : (_,p _’p' )+ preceSS|On

; e only the scalar piece contributes, 7p x 7VE
'/I} ,’}) i a - f‘)

The final form of the kinetic equation:

mNo 7w INp

(eE - Tp) (B[)“)p./lth) _Up <B5:;(“E ' \—'pffh ]>

|
B, x f, + —(f, f,
p < I T(l (fp)) o
TvoN . , 3 .
| ,.',-]-* = [Buo(€E - Vp fin) — (Buwo(€E - Vi fin))] -
]
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How to solve the kinetic equation

We need to solve the following equation:

Bp x fp + 1(f, — (fp)) =G tofind  siea = [ 92L(f)

)
~ I

How to solve it?

fp, = (fp) + of, === Solve forof, (G, (f,)]as if (fp) were parameters.

Then by demanding that (6f, |G, (fp)]) = Ofind algebraic equations for (fp):

< Bp x fo > <BIJ x (Bp x ft1)7> <G FG X Bp7+ Bp(G- Bp)f“’>
|

} /)’57‘2 | + b"l-:T‘-’ | 4 /)’grz

The final result is obtained by expanding all terms to the third order in
the spin-orbit strength
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Results

“ltinerant ferromagnet”:

R ap; AN o
H —L _e|E(Tmai — Tmin ) X L __m x e, X m,
efl 37?").\/,\‘-‘ maj min | 4 Afl T2 y
3 2 .2
W app , AL.TT l
H': ———|e|E(Tmai — Tmin) S e, X m
o :ifr-’AUH‘ | e R AL T{ AxeTl ’
‘)
. 2P Uk \
Jir € 32 (Tm;lj * Tmin)b-
DT
“Magnetic semiconductor”:
R | (1;\-';.'\(‘\11-‘Ax(.T(‘
eff -\[_u.- ‘Yo
w alNplellE m,em.
H i Y0 | 1.
M. mj F2ms
V5T
. onr. 2 VFT
Jir 2Npe 5 E.
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Conclusions

-Spin-orbit field, controllable with gate voltages/electric field, provides
a way to reliably control spintronic devices with electric signals.

- Effects of thermal gradients?

High
Low

- r+a7  voltage from anomalous Hall effect in addition to
F/ 5 the one from inverse SHE?
vT

Pt T

(from K. Uchida et. al., Nature’08)
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Conclusions

-Spin-orbit field, controllable with gate voltages/electric field, provides
a way to reliably control spintronic devices with electric signals.

- Effects of thermal gradients?

High
Low

’ r+a7  voltage from anomalous Hall effect in addition to
F/ the one from inverse SHE?
o) b' vT

n

(from K. Uchida et. al., Nature’08)
- Interaction-stabilized phases in SO-coupled systems are interesting.
-Spin-orbit interaction leads to new topological superconductor phases,
with nontrivial Andreev bound states at the surface (*Majorana fermions’
with dispersion). Thermal transport of Majorana fermions?

- There is more than meets the eye. ..
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