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Spin transfer torque

Spin transfer torque arises when spin polarized current is filtered by magnetic layer
whose moment is non collinear with spin of conduction electrons. In the process of
filtering the magnet absorbs a portion of spin angular momentum that is carried
out by electron spins. The magnetization of the ferromagnet exerts a torque on the
flowing spins to change their orientation and the flowing electrons exert an equal
but opposite torque on the ferromagnet. The torque exerted by conduction electrons
Is called spin transfer torque (predicted by Slonczewski and Berger).




Current induced switching
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Voltage oscillations
produced by steady
precession of the magnetic
free layer in nanopillar
sample NiFe/Cu/NiFe
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When the current density is sufficiently high
the switching of the magnetization can be
obtained. The effect has been confirmed by
many experiments both in metallic

multilayers and in tunnel junctions It offers
a possibility of manipulating magnetic
device elements without applying
magnetic field.

The current can induce a precession of
the magnetic moment in the microwave
range




Schematic geometry

The simplest system in which the torque can be
observed consists of two magnetic layers Nanopillar device

separated by a thin non-magnetic spacer.
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Spin torque driven switching

I B
The current sufficient to switch the magnetic Sheal ‘
moment of the free layer (the critical current) can S
be lower than 107 A/em? for devices with metallic =
non-magnetic spacer. In tunnel junction with a 8.0 L |
non-magnetic MgO based barrier it is of the order ——————————
of 106 A/em>. -0.4 0.0 0.4
| I (mA)
2eaMtp(Hg £ Hoy + 21 M) all metal nanopillar sample

Jc{l -

NiFe/Cu/NiFe (Braganca et al. 2005)
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Critical current depends on : the saturation magnetization
M,, damping constant a, thickness of the free layer t,
effective anisotropy field Hy, external magnetic field H,

Magnetic tunnel junction
CoFeB/MgO/CoFeB (Kubota et al. 2007)

spin transfer efficiency n




TMR =%« Spin torque driven switching in MTJ
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The application of STT in MRAM type devices requires low switching current and high
TMR ratio. Tunnel junctions are better suited than metallic multilayers for many types of

applications as they show large TMR and they can be better matched to silicon-based
electronics




Spin torque

Since angular momentum is conserved the spin transfer torque can be calculated
by determining the net flux of spin current
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Spin current

The spin current density carried by one electron described by the
wave function ¥ is given by

6 =(0,,0,,0.) Pauli matrices

7 = Im(P G OVY) w{‘”

v, ()

respect to local reference

( ) components taken with
} frame

d
z-component is conserved and it is equal to = — Imz o'y, { il }
dy

Transverse components are not conserved and are equal to

J

charge current density




Free-electron-like model

Electronic structure of ferromagnetic

layers 1s modelled by spin split . ju S
parabolic bands T S) o= 5 —
Calculations are limited to zero 4 ev
temperature.

We used the fact that electron transport

in MTJ 1s mainly ballistic.

Fermi level
A I
b

left right
electrode electrode



Wave function of tunnelling electron

The wave function of the electron propagating along y axis is
expressed by plane waves in ferromagnetic layers :

W (y) = A, exp(ikl.a, y)+ B, .exp(—ik,_y) 1nthe i-thelectrode (i=/r).
4 =1 A

lo -0

=0
for electron of spin ¢ impinging from the left on the left barrier

e ()/) = CBG’Ai(Z)+ DBJ'Bi(Z) in the barrier

k... 1s the component of the wave vector normal to electrode/barrier interface, Ai, Bi
-Airy functions Z = f(y)

B_=0 B_, =0

r—o

Coefficients 4io»Bio»CsoDss are found according to the matching conditions of the

wave function and its first derivative EM Tunnel barrier (1) EM

The matching conditions at the barrier/right FM
interface take the form: ®o— ¢ ®— -

. (0 0
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Total spin current density

The total spin current density is calculated by taking the sum over all occupied states

J0)=2 )+ () T =0K
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Eg Ferml energy in the left electrode E} " position of the band bottom for the electrons of spin 0 in the

When the magnetization direction is non-uniform the spin currents carried by electrons moving
from the left to the right and from the right to the left do not cancel and the net spin current can

appear with no bias applied. Only normal component of spin current is different from zero with
no bias applied

s—)r Sl"—) O
e g7 5

When the voltage is applied electrons with energy from the tunnel window contribute to the
charge current and the spin current




Theoretical approaches to spin transfer
torque in MTJ

Free-electron model as well as Bardeen Transfer Hamiltonian approach
(Slonczewski)

Free-electron-like model based on WKB approximation and Green function
formalism
(e.g. Manchon et al.),

A tight binding model and the Green function method (Theodonis et al )

Scattering matrix approach (impurity scattering and interface roughness
neglected) (Bauer, Brataas)

Ab initio approach based on Korringa-Kohn-Rostoker method with use of multiple
scattering Green’s function formalism, Fe/MgO/Fe tunnel junction (Heiliger,
Stilles)




Simple model calculations show that in MTJ both components of the spin torque are of
comparable magnitude. This is in contrast to metallic multillayer systems in which the
normal component is practically equal to zero

Contributions summed over all relevant states on the Fermi surface in metallic systems cancel
for the normal component and only the in-plane torque is different from zero.

In tunnel junctions the situation is different since tunneling is dominated by electrons coming
from particular parts of the Fermi surface,
Components of the local torque oscillate with a different phase in a ferromagnetic layer
with a distance from I/FM interface
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Free-electron model. Numerical results
Parameters of the junction | A

s et S
Fermi energy £, =2.62eV $ev
half of the spin splitting of the electron band A =1.96e)
height of the barrier U=1.5 eV Fermi level
thickness of the barrier d = 0.70nm | 3oy
bias voltage V I 7
A §
> |
Parameters roughly correspond to junctions !
composed of Fe electrodes and AlO, barriers. et ight
electrode electrode

Calculations related to semiconductor junctions were also performed.
Fermi energy £, =0.leV ; spin splitting of the electron band 2A =0.12eV
height of the barrier U=0.1 eV, thickness of the barrier d =2.0nm

In general the results show similar behavior.



Angular dependence of current induced spin torque

=
a1

The dependence can be well described by
a function sin 6. Confirmed by other
theoretical approaches and experimental data
It is a characteristic feature of MTJ. In
metallic junctions due to spin accumulation a
more complex dependence can be found.

YTIF = [(]PT - P¢)+(IAPT _IApi)]%Sin‘g

Theodonis et al..

% = [(GTT - G¢¢) + (GN B GM)]% sin &

Slonczewski
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G, the conductance related to electrons with spin ¢ in the
left electrode and o’ in the right electrode

The torque magnitude increases with
splitting parameter increasing




Angular dependence

Results of ab inito

calculations (Helliger, Stiles)
Torkance acting on the free layer is
shown for different thicknesses of the

Fe free layer
(fixed layer - 20ML , barrier — 6ML)

The torque 1s approximately confined
to the interface.

The in-plane torkance is much larger
than the out-of plane torkance

For ideal junctions both components
are important, but the normal
component 1s reduced due to
thickness fluctuations
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Angular dependence of spin torque

The torque magnitude depends on the junction parameters: splitting parameter, the
height and the width of the barrier. When a barrier is low and wide the torque can
change sign for low values of splitting parameter

normal torque (eV/me)
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The inversion of the torque sign results
from the sign inversion of effective
polarization
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in-plane torque (eV/um?)

Bias dependence of in-plane torque
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Bias behaviour depends on splitting
parameter. In general, the in-plane
component is asymmetric with respect to
bias reversal. The torque acting on the
collector (positive bias) 1s larger than
acting on the source (negative bias). The
asymmetry 1s more pronounced in
systems with a strong splitting

The normalized in-plane torque for
positive bias achieves a plateau. The
normalized torque for negative bias
decreases and changes sign

T"/J P

when the effective barrier height
becomes low the polarization
decreases and can be negative




T .(V) (eV/ium’)

Tnormal(v)_Tnorma|(0) (eV/ },lmz)

Bias dependence of normal torque

9= % The out-of plane component in symmetric
junctions is symmetric and reveals a parabolic
dependence on bias

’—-\" TL (V) = TLO + TLle

] - It is different form zero for unbiased systems
' ] and corresponds to the interlayer exchange
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Non-symmetrical junctions. Bias dependence
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The in-plane torque acting on the right
electrode essentially depends on the
polarization of the left electrode, but it
practically does not change with
polarization of the right electrode what is
well consistent with Slonczewski’s

The splitting of electron bands in both
electrodes has similar influence on the
normal torque. Due to different splitting
of electron bands in both electrodes the
normal torque is not symmetric with
respect to bias reversal



MTJ with Semiconductor Electrodes
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as denendence (other theoretical approaches)
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Bias dependence of in-plane torque

The interplay between spin currents in P and AP configurations
determines bias dependence of the in-plane torque

Theodonis et al.

]Tlr = [(]PT _]P¢)+(]APT _]APi)]%eSine

z component of spin current in

P configuration (6=0) depends
in a linear way on bias voltage

z component of spin current in AP configuration (0=mn)
depends in a parabolic way on bias



Bias dependence
Ab initio calculations for Fe/MgO/Fe

For samples with typical interfacial . 2f e e
roughness the in-plane torque % _|—¥— out-of-plane '
varies in a linear way with bias

and normal torque shows a
parabolic dependence
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voltage (V)

Bias dependence of torque components for
an average free layer thickness of 19
monolayers

Heiliger, Stiles PRL 2008



Bias dependence. Comparison with experiment

Experiment — Kubota et al. (2008) CoFeB/MgO/CoFeB, spin torque
diode effect
Theory — Theodonis et al. (2006)

The experimental curves are not reproduced for the same parameter set

The in-plane component is found to be asymmetric with respect to the bias
reversal, for one bias polarization it can be negative. The out-of plane torque shows

a parabolic dependence.
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Bias dependence. Comparison with experiment

Experiment — Kubota et al. (2008) CoFeB/MgO/CoFeB

Theory — Xiao, Bauer, Brataas (2008) scattering matrix approach
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in-plane torkance A(d \"| /dV')/sin @ (left) and out-of-plane
torkance A(dN' /dV')/sin6 (right). The following parame-
ters are uscd in all fittings: Erp = 4.5 eV, A = 087Er = 3.9
eV, U, =0.23FEr = 1.0 ¢V, 3 =0.36; d = 1 nm, cross section
arca A = 70 nmx 250 nm, and 6 = 137° from Ref. 22.

The experimental curves
are reproduced for the
same parameter set



Sankey et al.(Cornell group) 2008

Bias dependence. Experimental results

CoFeB/MgO/CoFeB

Spin-transfer-driven ferromagnetic

resonance
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Bias dependence.
Experimental results

The in-plane torkance shows a weak bias
dependence and decreases when voltage 1s
changed from V=-0.3V t0 0.3 V.

However, the strong asymmetry on the bias
revealed by Kubota has not been found
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Bias and Angular Dependence of Spin-Transfer Torque
Tunnel Junctions
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Bias dependence. Experimental data
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Normal torque shows a parabolic dependence
[n-plane torque shows a linear dependence
but the slope changes at higher voltages and
different constants are found for positive and
negative bias

There is a good consistency of
experimental and theoretical results for
normal torque, but not for in-plane
torque



Experimental results
Sankey et al. 2008 CoFeB/MgO/CoFeB

Spin-transfer-driven ferromagnetic

resonance
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Junction with a ferromagnetic layer of finite

thickness
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Junction with a ferromagnetic layer of finite
thickness. Current induced torque

A B Quantum interference leads to oscillations

_(a) T ! T !

] it layer ] of charge current in each spin channel
eft electrode —
- \/V\/WWWM Torque components oscillate with thickness

———————— of ferromagnetic layer d.

al o &3]
| 1 |

normal torque (eV/um?)
o
|

in-plane torque (eV/um®)
o 6
1 P

The average value of the current induced
torque 1s roughly the same as in junction
with two semi-infinite electrodes




Bias dependence = —im |
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Bias dependence of in-plane torque is non-monotonic

The form of the behaviour depends on the film thickness.

Positions of resonance states in the well change with bias voltage and they strongly
influence the charge and spin currents.

Oscillations can be seen when the layer is thin




Double Tunnel Junction
The enhancement of the tunneling current as well as of the spin torgue can be obtained
in the double junction due to formation of resonant states in the central layer

Parameters of the junction
Fermi energy £, =0.leV
spin splitting of the electron band 2A = 0.12eV
height of the barriers U=0.1 eV
thickness of the barriers d, = 2.0nm
thickness of the central layer 4
bias voltage V

The torque is equal to the spin current
absorbed by the central layer
h sl sr
TII - 5 (Jx —J; )

Double tunnel junction

right electrod

left electrode

direction of tunnelling for the bias voltage V>0

Coherent tunnelling is assumed

T =2 -y)

Spin current densities are calculated in the central layer at left and right interfaces



Thickness dependence of the spin torque

The torque oscillates with the thickness of the central layer d_. The resonant enhancement can be
obtained for small d_ due the presence of resonant states formed in the central layer. Oscillations
are damped for large d..

The in-plane torque in junctions with a thick central layer

for a small bias voltage is larger in AP configuration,

whereas the normal torque is larger in P configuration E 06 g C veoomvl
> 13
cAP cP cP cAP 2 04 5
]-|'| >]-|'| TJ_ >TJ_ %)_ % 5 10 15 "20 25 30 3
§ 0.2 . AP -
(] |
C
The torque acting on the central layer can be considered 2 .,
as a sum of two torques exerted by electrons tunnelling £ .
through the left and right barriers (in junctions with thick <=
central layer). § o°
o 00
s
2 05 0=n/4; P
& 0=r/4; AP
B -1.0 ' ' ' i i
< 5 10 15 20 25 30

d.(nm)




Angular dependence

The angular-dependence can be more complex than in a single junction.

In general, sin® dependence is obtained for in-plane torque, but a maximum can be shifted
for a certain thickness of central layer. The normal torque can vanish for noncollinear
configuration. The sign of the normal torque depends on the central layer thickness
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— C
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Angular dependence (Theodonis et al.)

T, The angular dependence of the torque
0s | T | : ' ' i
N y IMC M,@Q varies with the bias voltage
x y ...l’? T.n ..?.:cr.# R 10 : Nc:4
FM(L) |/T/  FM(C) /1/ [ _FM(R) @)
£y % . _ .
The angular dependence of the normal torque varies with = g
a thickness of central layer. For a certain thickness the F ol
normal torque vanishes in noncollinear configuration
-5/ —=—ov

| ' ) i | 10/ 0.08v

0
A
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Angular dependence (Theodonis et al.)

__ ©OE,.(0)
TL o 00 10

Effective exchange coupling L. @
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E,(0)=—J cos@—J,cos’ O+...

J, non equilibrium bilinear effective exchange coupling

=0V |

o 0.08V
0.1v
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J, non equilibrium biquadratic effective exchange coupling

T” ueV

Interplay between bilinear and biquadratic terms
determines the angular dependence of normal torque
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Conclusions

Normal component of STT different from zero in MTJ
Single Tunnel Junction
*  Angular dependence of STT well described by a sine function

«  Free-electron-like model leads to results consistent with other
theoretical approaches (tight binding, scattering matrix approaches)

* In-plane component can show different bias dependence for different
parameters

e  Out-of-plane component i1s symmetric and reveals a parabolic-like
dependence

*  The full consistency of theoretical and experimental results is not
reached yet

« STT shows an oscillatory dependence on the thickness of
ferromagnetic layer which is a result of the quantum size effect

Double Tunnel Junction

« Torque components strongly depend on the thickness of the central
layer

« The in-plane torque is smaller in P configuration than in AP one,
whereas the opposite relation 1s observed for the normal component
(for small voltage)



Thank you for attention



Wave function of tunnelling electron

the spinor in the i-th electrode (i=/r) in the local reference frame takes the form
for incident electron of spin

(y) _ |:l//iaT:| _ |:Az‘aT eXp(ikl.Ty)+ Bz‘aT eXp(_iknJ’)

¥, (y)= . .
Ay exp(zkl.¢y)+ B, eXp(_lkiiy)

io

Wil
1n the barrier
V7 (y) _ Y got _ _CBGTAi(Z)+ DBUTBi(Z)_ A1, Bi -Airy functions

" Yol _CBaiAi(Z)‘F DBaiBi(Z)_ Z=f()

. A~ =0
A =1 7

for electron of spin o= Timpinging from the left on the left barrier B —0 B. -0
o rT-o =

k...1s the component of the wave vector normal to electrode/barrier interface,

B (6 6 % (6

The matching conditions at the barrier/right FM interface take the form

A CyrsDyors A 1B 1. Cy

9Bty Cyins Dgiors A5 By Cyigy s Dyioy - From the matching conditions



Wia — AiO' eXp(ikiGy)+ BiO' eXp(_ikiO'y)

b \/ 2m(E - El.’;)_k|2 _\2mle, - E})
L h

E” denotes the electron band bottom for spin o in the i-th layer,  is the in-plane
component of the wave vector, & =E—#"kj /2m is the electron energy
associated with its motion in the direction perpendicular to the layers, and m is
the free electron mass.
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Currents, torques, and polarization factors in magnetic tunnel junctions
TMR = (R—\P - RPJRP =2 L( 1 — L) L= PLPR J. C. Slonczewski™ R
’\—f‘_ - k?"_ KFJ - k‘f__|_k‘,'__

2

k. =2mE; /h and k;=2mB/h~

I.a
tunnel
B current

x : I : L A 4 A
E eV E+eV

A E, +eV

FIG. 2. Schematic junction potential for finite V. The shaded bar
indicates the energy range of most of the tunneling electrons.

0-0 ¥ L] L L] L)
-4 2 0 2 4 We simplify this model one step further and neglect the
voltage V (arbitrary units) width of the shaded current band in Fig. 2. It is then clear
FIG. 3. Schematic effect of finite voltage on TMR, polarization. 5 5 5 5
and torque coefficients illustrated by the toy free-electron model of o — 2mE lo /h K, = 2mB/h
a physically symmetric magnetic tunnel junction. Note that TMR is
symmetric, but the other coefficients are not. The parameters are _ . 132 2 _ _ 2
i =2m(Eg, +eV)/h? and k;=2m(B — eV)/h?,

Kko=6.4k_. F.=10k_.

The relation 1, =Py can be obtained within the Bardeen transfer matrix formalism (with the additional assumption that polarization factor can
be represented by a product of interfacial densities of states which can be justified for alumina barriers).




Total spin current density

The total spin current density is calculated by taking the sum over all occupied states

2.2 E g
O B (0

=
8 h* o' gt klo”(gi) :
47°m?> < 0 (Ep—eV —&,) ..o
Jsr—>l(y)=— de F L jSO'J’—ﬂ(y,g )
g h4 ; E.!: . kro”(gl) : :

Ep Fermi energy in the left electrode, E}..- position of the band bottom for the electrons of spin &' in the
left (right) electrode.

When the magnetization direction is non-uniform the spin currents carried by electrons moving
from the left to the right and from the right to the left do not cancel and the net spin current
appears with no bias applied. Normal spin currents flowing in opposite directions have the same
values and signs for all energies in the spin split band P ) = 1N E )
Contributions to the in-plane spin currents flowing in opposite directions have the same values
but they differ in signs, so the net current vanishes.

When the voltage is applied electrons with energy from the tunnel window contribute to the
charge current and the spin current



normal torque(eV/um?)
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The interplay between spin currents in P and AP configurations determines bias dependence

of the torque

]Tlr = [([P}«_]Pi)_l'(]APT —IA@)]%sin@

z component of spin current in
P configuration (6=0) depends
in a linear way on bias voltage

In P configuration electrons with both
spins tunnel through symmetric barriers,
but heights of barriers are different.
Currents in both spin channels vary
linearly with bias voltage

In AP configuration electrons with both
spins tunnel through asymmetric barriers
with the same average barrier height. Due
to asymmetry of the barriers the linear
terms cancel for both spin channels

(6) (fA)

Z

|(5)

z component of spin current in AP configuration (0=mn)
depends in a quadratic way on bias
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torque*2re/(h*current)

torque*2nre/(h*current)
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The normalized torque components decrease
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with increasing barrier width,
A different behavior i1s found for the
dependence on the barrier height U. Now, the
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6=r/2 1s a consequence of the fast decay of charge
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The normalized out-of-plane and in-plane components of the spin
torque exerted on the right ferromagnetic electrode, calculated as
a function of the barrier thickness (a) and barrier height (b) .



Junction with a ferromagnetic layer of
finite thickness. Current induced torque

current

normal torque (eV/um’)

in-plane torque (eV/um?)
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Quantum interference leads to oscillations of
the charge current in each spin channel. The
periods can be expressed by half of the
wavelength in the magnetic layer of electrons
which tunnel perpendicularly to the interface.

d,=2,12=7lk, =7/ [2m(E, +SA+eV)

Superposition of the oscillations in two spin
channels leads to a complex dependence of the
charge and spin currents and also of the torque
on the layer thickness



Junction with a ferromagnetic
layer of finite thickness
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The dynamics of the free layer’s magnetization under the influence of a spin-

polarized current can be described by a modified Landau-Lifshitz-Gilbert equation

om L o= . om 14 L Y .
= —ymx H . + amx + I'mx(mxm,.)+ I' (mxm,)
o o o M Vol M Vol -
Heff — Hext + Hanis + Hex + Hmagnetostatic
the peak width
y T__
ATM | +2H, ) +2
27 27 M Vol Deac et al 2008
the resonance frequency
4 I I,

=— |H +—— || H,; + ————+472M
4 o7 T Mol |\ T M Vol



In red: values obtained from the ends mode data. In black:

values deduced from the centre mode data. Full (empty) symbols mark data

points obtained from measurements close to the P (AP) state. Blue lines: best fit

801
ja

.40

AT, (M, Vol) (Oe)

-80-

-120 — T T .
-400 -200 0 200 400 600
Voltage (mV)
80+
|b.
40+

W1 (M_Vel) (Oe)

-120+ v T T r '
-400 -200 0 200 400 600

Voltage (mV)
Deac et al 2008

Two signals corresponding to two different
precessional modes are investigated. Data for negative
bias are obtained from measurements close to P states
(at H=-250 Oe), while for positive voltages from
signals around AP configuration ( at H=2000e).
Values obtained from two signals at positive voltages
are in good agreement (for normal component), while
for negative voltages some differences can be seen.



Local torque strongly 10— o
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J, non equilibrium bilinear effective exchange coupling
J, non equilibrium biquadratic effective exchange coupling



Tunnel magnetoresistance

R, p—Rp
TMR = K
TMR effect applied in:

Magnetic field sensors in the read heads of magnetic hard disks drives
Non-volatile random access memory

Magnetic switching driven by the spin transfer torque 1s much more efficient that
switching driven by current induced magnetic field. This may enable the
production of magnetic memory devices with much lower switching current and
greater energy efficiency and greater device density than field switched devices



FM-2 (free)
insulator

FM-1 (reference)

dc voltage is produced across the junction in a
presence of small high frequency current. Voltage
as a function of frequency shows a resonance
which shape depends on the spin torque
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Spin-torque diode spectra measured under various d.c. bias voltages.
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