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Outline ¢ _Dspintec

Trajectories

Beyond Macrospin

Phase Locked Loop (stabilisation of frequency)
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Spintorque Oscillator ¢ Dspintec
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Introduction: Equation of Motion ¢ Dspintec

B ra,(0) a,~current J
y(MxH,) 1 Ms (MxP)| " p'= spin polarization vecto

Precession / SpinAorque (ST)

Constant energy
trajectory

Spin Torque

Polarisation PT
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Introduction: Equation of Motion C)SPmteC

dM
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Constant Energy Trajectories C Dspintes

In-plane film In-Plane Out of Plane
Precession IPP Precession OPP
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Limit Cycles as a function of polarizer _Dspinteg

_7/(MX Heff)

Precession Spin torque (ST)

ST tends to align M parallel to P

In-Plane Out of Plane
Precession IPP Precession OPP

%Ei

a 1

Oscillation around Oscillation around
energy minimum energy maximum
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Planar Polarizer: IPP oscillations

damping

torque
theta component phi component
1.0 - IPP very close to constant energy trajectory
0,58 S—
0.5 - a=0 I —2};?3oa;20.014

L) =
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1,0 1,5 2,0
M x time (ns)

Etot

Mz




Planar Polarizer: OPP oscillations ¢ Dspintec

Cu
4_

3300 Qe o=0.014

AN AR
UWWW

19.0 t(ns

OPP close but not identical to constant energy trajectories
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. . - . 4.
Perpendicular Polarizer: No IPP oscillations C_Ispintes

OPP stabilized by
perpendicular polarizer Cu

ST
Gilbert

Gilbert
damping
torque

N IPP not stabilized by
perpendicular polarizer

theta component phi component



Limit Cycles as a function of polarizer _Dspinteg

_7/(MX Heff)

Precession Spin torque (ST)

ST tends to align M parallel to P

In-Plane Out of Plane
Precession IPP Precession OPP

%Ei

a 1

Oscillation around Oscillation around
energy minimum energy maximum
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. . 4.
Perpendicular Polarizer C_Dspintec

Macrospin description

e L

Cu

A
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State Diagramme of Perpendicular Polarizer [REBEEIUIEE

Three different states

In Plane Stable IPS
Out of Plane Precession OPP
Out of Plane Stable OPS

FL

IPS 180°

0 5 10 15
J OPS

]
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Perpendicular Polarizer IPS State ¢ Dspintec

IPS : In Plane Stable 0<J<J_,

Saddle point

Spin Torque

Energie Minimum .90-45 0 45 90
/ phi
Precession Torque

- Equilibrium between precession torque and spin torque
- In-plane rotation, away from energy minimum
- Spin torque does not counteract damping, no asymmetry wrt to current
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Perpendicular Polarizer IPS to OPP Transition [eemaie:

dM
dt

dMm a
— =M M
dt 4 ><H”f)JrMs 8

15 10 5 0 5 10 15
J (10" Alcm?)

PAM,

S

a4 = H, cosp, sing, +H, sing, does not depend on damping
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Perpendicular Polarizer OPP Oscillations  Dspintec

ut of Plane “recession Frequency vs. current
10

Spin Torque

Damping

4 2 0 2 4
J (10"A/cm?)
Frequency vs. fiel

K. J. Lee et al. APL 86 (2005)

300700 0 100 200
H, (Oe)
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Perpendicular Polarizer OPP to OPS Transition JREBEEERIE

IPS 180°

15 10 5 0 5 10 15
J (10" Alcm?)

Inverted role of spin torque and
damping torque

- In OPS state, spin torque stabilizes
energy maximum, while damping
destablizes it
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Perpendicular Polarizer IPS - OPP Hysteresis

Diagramme for
increasing current
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Comparison: Planar and Perpendicular Polarizer

Perpendicular
Polarizer

J (10"A/cm?)

Planar 5
Polarizer ‘ _ fLt

Cco

Cu : ~ Kittel

: 2 e =4 | 7100 200 300 400 500

J (10" Alcm?) i Hy(0e)
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~ _Dspintec

Experimental realization and studies
of the perpendicular polarizer STO

J. C. Slonczewski JMMM 157, (1996)
O. Redon US6,532,164 (2002)
A. Kent et al. APL 84 (2004)

K. J. Lee et al. APL 86 (2005) Output signal

I DC
—>L Top electrode

Couche Libre| =»

Polariseur
<4—| Bottom electrode

AM_ oc AR
AU _oc AR -1,
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Experimental Realization of the Perpendicular STO _Dspintec

Two conditions:
- Extract signal
- Polarizer with sufficient spin polarization

I
%L Top electrode

Analyzer <+
Cu

Free Layer

Perpendicular
Polarizer

<— Bottom electrode

H,, H

u

Pt/ (ColP).ICo,, ..., 1.6/CU4/PY3IC00.5//Cu3/Co3/lrins

CO\4minateq=C00.8/Cu0.3/C00.8"
*Delille, F. et al. JAP 100, 13912 (2006)
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Free Layer R(H) minor loops vs current

Low current ~ Ellipse de 60x70 nm?
lpe= 0.15 mA
(J=4.5 10% A/cm?)
AR =0.19Q
MR=0.3%

Intermediate Resistance Level
IRL @ 0.5AR

(positive and neéative Ioc)

'-O.émA AP '_

IRL &

02 0,0 02 02 00 02 02 00 02
H,.«=H,-H dip Hbeff (kOe) Hbeff

¢ Dspintec

15mA AP

IRL

02 00 02
Hbeff
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. . . < .
Static Experimental Diagramme I, - H, (_/sRintes

Triangular shaped regions | (H, ) of IRL
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Dynamic Experimental Diagramme I, - H, ~__spintec

2 0 2 2 3 4
J (107 Alem?) F(GH2)

Hyei= 9 Oe

Microwave emission in the intermediate
resistance level

D. Houssameddine et al. Nature Materials 6, 447 (2007)
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Mode Identification from Frequency Dependence C Dspinte

Frequency vs. Current Frequence vs. field
4
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Quantitative Comparison to Macrospin Simulations C Dspintes

Frequency Diagramme

300+ J_exp
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Bistability of IPS and OPP states ~ Dspintec

Diagramme Diagramme
Increasing current Decreasjng Current

Joo Ao Yoo Jop N J Bistable
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Temperature Effect ~ Dspintec

R-H Simulation R-H experiment

T T T T T T AP
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Quantitative Comparison to Macrospin Simulations C Dspintes

Frequency Diagramme
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Beyond the macrospin approach

spintec

Macrospin description

—> good qualitative agreement for branch f1

- However, many features not well understood, such as
- jump and saturation of f at larger current
- overall low frequencies (even for mode 1)

Possible origins
X Inhomogeneous mode profile
X Dynamic Coupling between the layers
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Micromagnetics Simulation

Simulations for Simglqtiqn |
- circular dot of 60 nm 9
- H,=15 Oe, H, =0 Oe
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$o
Micromagnetics Simulation _spintec

Frequency

—— macrospin
—O— pmag with H Amp

@® pmag without H Amp
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—
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)
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o
=
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]

‘Reduction of demagnetization energy by ‘domain’ formation
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Macrospin: Dipolar Coupling between FL and An C_spintes

Solve LLG for both layers, taking mutual
P dipolar coupling into account
Cu 16 —— - - T
14|
12}
10}

Cu
A

- No coupling ]
= With dipolar couplj . ]
45 -10 J;/

J 11 N Happ=0kA/m

Japp=70e10 A/m2

Happ=0kA/m
Japp= 20e10 A/m2
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Macrospin: Dipolar Coupling between FL and An  Dspintec

Solve LLG for both layers, taking mutual
P dipolar coupling into account
Cu 16 ; : - o
Co 14
12}

0 _ 1 FMR for analyzer

¢ Large angle IPP

N DN
o O

Happ=0KA/m
L4 Japp= 20810 Aim2

-
a1

—— No coupling -
— No coupling M dpgar o ' |
w . 15 10 5 10
L .. J m J'::zf:m:mmz

A
o

.'. With coupling

(6)]

Free Layer Energy (a.u.)

o

4 8 12 16 20 24
J (10" A/m?)
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Summary on Perpendicular Polarizer C_Dspintes

Macrospin description
State Diagram with three different states
- IPS (in-plane rotation, no ‘antidamping’)
> OPP oscillation, frequencies T with current and { with field
- OPS state (ST acts on damped oscillations)
- Hysteresis for increasing and decreasing current,
leading to bistable regions in (J, H) for IPS and OPP

Experiments

- Static and dynamic state diagram reveal triangular regions of microwave
emission in (J, H) plane

- Frequencies reveal two branches: low current branch macropspin like

- Thermal activation explains absence of hysteresis

Beyond Macrospin

Saturation of frequencies at larger currents can be explained by

- Non-homogeneous magnetization configuration that oscillates coherently
and/or by

- Dipolar coupling between free layer and analyser
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Functional Devices
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Comparison STO and VCO

¢ Dspintec

oM _
L — Y Y dt
Undamped Resonator ®, | —7 ~7(MxH,,)
|
C /rr h(t) *
i(de_Mj
Damped Resonator R, —,—I:I— /V@ M, dt
! l 4 i-a +
Auto-Oscillator /O 25 M x (M x P)

Damped Resonator
& Energy Feedback !

* /
Active element to | 4
supply external

energy and
compensate

7’

A. Slavin, J. V. Kim et al

energy losses
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Transceiver chain ¢ Dspintec

Antenna f4f .
sig—"mix
¢ e, Mixer fbase=fsig 'fm ix
sig Low f
— =t
Base
band
. Reference
iZir Phase 1 Fomps Icp
Comparison [ de Charze
VCO/ \ vco
ICO \L
Divrizenr
par M C I I
Phase Locked Loop (stabilisation of frequency) ) g N

Used in a large variety of commercial electronic systems:
- radio receivers in telecom and TV applications,
- Doppler radar

- clock recovery in wireline and fibre transmission systems
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Transceiver chain ¢ _Dspintec

Antenna £
sig— " mix
f didlllh-t::angl:ﬁ Mixer fbase=fsig 'fm ix
s'9 Low f
/M o |,
ase
band
. Reference
i;ir Phase | Fomps Iep —\H(fj S N fmIX 0 dBm (5OQ)=
Comparison [ de Charge 293mV rms

VCO/
ICO \N ICO

DC
Top electrode

Diwizenr
par M

Phase Locked Loop (stabilisation of frequency)

Bottom electrode

|ssues:
- Output power
- Linewidth (quality factor)
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Comparison STO and VCO

Future telecommunications:
- multi standard / multi band applications require to cover a large range of
frequencies using a single device

VCO'’s:

- Limited frequency tuning range ( few hundred MHz)
- Large space due to inductances (mm?)

- Long tuning time (us to ms)

STO:

- Small size (<pmM?)

- Enhanced tuning range (GHz)
- Fast tuning (ns)

|ssues:
- Output power
- Linewidth (quality factor)

e K .,..m.-f'_;,_: ) 4 Spin Momentum Transfer Workshop ursula.ebels@cea.fr



Comparison STO and VCO ¢ Dspintec

L

Undamped Resonator

C

Damped Resonator RO

Quality factor

f
— Q_E

40}

olA®

/ I l_ P00 002 0,04
I/ dc o alpha
Auto-Oscillator _R |tl /VO 100 ....
Damped Resonator st \ few thousand
& Energy Feedback J N
v | 4 <

Active element to
supply external
energy and
compensate

energy losses
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Linewidth Examples from Literature ~ Dspintec

NP SV NC SV
Cornell 2003 ||| Cornell 2008

5 | 5| In- plane angle
>100MHz oLt )] e
SpmteC/LETIZOW - IST 2004 IEFIMEC 2008 Seagate 2007
70MHz g i Hl/] IMHz@ T 0
r %‘1' S55mA 56 7 8 y 4 e
£ ;" 21MHz
10MHz < 20MHz 300MHz - SAF
2 o H3Z) 4 mi;f_;_-,;.’.;qas:; HJ_I ; 200 9.1: g
5 :;__Pf.—‘l.i T & 100 (_C_) Uc#‘#;%
1 " feaensy|  LETI/Hitachi/
|EF/Hitachi 2006 ~ Cornell 2007 NP Spintec 2008

AMHz 4MHz 7 U NIST 2005, | 390kHz ot 10MHz
oo (| IR ek R

;»“j'J“_ 3
v s '= I - -

Power density (

- .
. ||— Cu ! ‘ ==
5.4 m — p ¥ — 1
SImA ) e [_‘.'n:kn'n, £ A ¥ X
i SOmh g 7 8 e 10 0 = S — 5 10
L5 122 1225 I (MA) 1.z 1.114 1116




Linewidth Examples from Literature C_Dspintes

Cornell PRB 2007 Perpendicular Polarizer

OPP @ H,, = 9 Oe.
(a) O[T he e

c

f2

Frequency (GHz)
L= L+2]

N

Current (mA) LETI/Hitachi/Spintec APL200§ 1,9=
f(GHz (D) o AF(MH2)

| (MA)
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Transceiver chain ¢ _Dspintec

Antenna £
sig— " mix
f didlllh-t::angl:ﬁ Mixer fbase=fsig 'fm ix
s'9 Low f
/M o |,
ase
band
. Reference
i;ir Phase | Fomps Iep —\H(fj S N fmIX 0 dBm (5OQ)=
Comparison [ de Charge 293mV rms

VCO/
ICO \N ICO

DC
Top electrode

Diwizenr
par M

Phase Locked Loop (stabilisation of frequency)

Bottom electrode

|ssues:
- Output power
- Linewidth (quality factor)
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Output Power " s pintec

GMR vs TMR
N 1400 Al
E
o 700
J Rz
0" ‘ ‘ )
84 87 9,0
f (Ghz)
2 AR AUgen P — P . Z
Pgen:AR'IC'Z R . 50Q gen Z-I—R
° +
Generated Power: Pov;gzzo:e"\;e.r:d toa
Pgen oad. 50Q
T T o Power on SA
é Spectrum Analyzer
1R = R it ] | v
b2 D':
B Jl bias T L f
elec::ttt;r:e AR U gen RF probes

Generated Voltage AU ., =AR*I,¢ Correction of chain



Dynamic Resistance Variation for the perpendicular polarizer C_Dspintec

P =AR-I° AR
* Z+R

o W= B ) 4 Spin Momentum Transfer Workshop ursula.ebels@cea.fr



Output Power

MgO based MTJ

Spin Valve

MgO
SAF excitation Collaboration LETI/Hitachi
100! Af=16 Mhz D. Houssameddine et al
¥ Pspq = 2.5 10°nV? APL 93 (2008)
S o | SO0 oW TMR=30%
= o0 spa m FL excitation
(05 f=|4.5 GHz 5000 . . : , . ,
= | ={2.4 mA 4500} LTMR ]
0 ! H § 849 Oe 4000 =075 ma
2 4 ' _ 3500} ]
T 3000} ]
f (GHz) GMR=0.5% T 2500 .
= 2000 ' FA
TR % 1500 A
FL excitation 1000 )
4 — ey 500
" Af =250 MHz ] Af = 250 Mhz 0 é . 170 . 1.5 . }C
: Py, = 1.6 10°0V2
| f (Ghz)
| =0.032 nW
| Pgyy, =-75dBm Af =29 Mhz -
1 £=6.5 GHz Psoq = 8.210nVz |~ 000 OF
|=-2.4mA =16.4 nW H = 420 Oe
s~ H=8500e Py, =-46dBm

f (Ghz)




Output Power ¢ Dspintec

MTJ
larger R, high TMR

GMR
low R, low MR

MTJ’s:
higher output power @ comparable Af
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¢ _Dspintec
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¢ _Dspintec
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¢ _Dspintec
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PR
Postdoc and PhD announcement C_spintec

1-2 postdoc positions available at SPINTEC/Grenoble
to study RF magnetization dynamics of
spin torque oscillators
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Spin torque effect from the analyzer
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State Diagramme of Planar Polarizer ¢ Dspintes

4 P *J=0: stable state = energy minimum
3t P AJ& %— e J<J_,: stable state = energy minimum
2 - B > Sensitivity to current sign:

i 1 ﬂ I/ e.g. J<O0 ST enhances natural damping

Eﬂ 0 /I P/AP I/ J>0 ST counteracts natural damping
1 | - Damped oscillations around stable state
ol - Frequency weakly depends on current
3l % & AP - Linewidth depends strongly on current and
. goes to zero (in macrospin apporach) at J

15 -10-05 0 05 10 15 2 Critical current given by FMR linewidth,
a,/(M.a) proportional to damping constant o
J.~o(H, +H +27M,)

¢ J=Jc1 : Limit cycles develop out of damped
FMR type oscillations and are thus of IPP type
e J>Jc2, transition to OPP or AP state
depending on applied bias field
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