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Outline

= Spin torque & applications
— MRAM, racetrack memory, spin torque oscillator (STO)
— Noise source in HD read heads

 Point contacts : vortex oscillations

- Point contacts : spin wave generation

e« Dynamics in magnetic semiconductors




Spintronics ?

- Key technology behind magnetic data storage

Ultra-sensitive read heads drive Moore’s law in HD data storage

= Many other (potential) applications

Sensors: biosensors, automotive, positioning, ...
MRAM

Spin-torque oscillators

“Dirty” environments (radiation hardness, ...)
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Figure 2. Photomicrographs showing the increasing density of prototype magnetic random-access memory (MRAM) chips. (a) IBM

1 mm X 1.5 mm, 1 kbit chip with a 5.4-um? twin cell in 0.25-um technology with approximately 3—10-ns access time (from Reference 22, with
permission). (b) Motorola 3.9 mm X 3.2 mm, 256 kbit chip with 7.1-um? cell in 0.6-um technology with 50-ns access time (from Reference 23,
with permission). (c) Motorola 4.25 mm < 5.89 mm, 1 Mbit chip with 7.1-um? cell in 0.6-um technology with 50-ns access time (from
Reference 24, with permission). (d) Motorola 4.5 mm X 6.3 mm, 4 Mbit chip with 1.55-um? cell in 180-nm technology with 25-ns access time
(from Reference 17, with permission). (e) IBM 7.9 mm X 10 mm, 16 Mbit chip with 1.42-um? cell in 180-nm technology with 30-ns access time

(adapted from Reference 21, with permission). S. Wolf, MRS Bulletin (May 2006)
= Cross-point
— Failed

- Toggle MRAM

— Up to —2006: steady increase in size of demonstrators
— Only 1 product (Motorola / Freescale / Everspin): scaling issues

e Spin torque MRAM
— Scaling much better
— Industry side: is picking up momentum after a few years of ilence
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Domain wall motion based: Racetrack me

S. Parkin (IBM), Patent US 6,955,926 B2 (2005)

- il

Racetrack St'urage

Vertical Racetrack },,l}" Array

Horizontal Racetrack

< Session Il (Thursday): Nanowires & Domain Wall Propagation
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Low-cost tunable radio on a Si chip
NEEDED: -15 dBm (3uW) output power
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Competition: LC based VCO above IC

o
5 GHz VCO el
On 90 nm S
High quality coil
Thick Cu
High k dielectric UwB VCO
on 0.35um
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Competition: RF-MEMS

RF MEMS Resonators in Poly SiGe (IMEC)
- Lower processing temperature (400C) compared to poly-Si
on top of IC possible !!!
- Electromechanical properties very similar to poly-Si
High quality factors (3000)

Sealed cavity

MEMS device

MEMS substrate

Vacuum package

~ 3-9-2008
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Compared to existing oscillator technolog

VCO-LC VCO-L high K | RF MEMS VCO-STO
——— -
O | =
f=5-10 GHz . : g‘ 7 e
Size 500 um? Tn 1 mm? 1 um?
Q 18 (classical on | 100 (enhanced | 1000 > 1000
chip inductor) inductor)
Output power/ |-10dBm 0 dBm 0 dBm >- 15 dBm
Phase noise -117 dBc @ -115 dBc -110 dBc <-110 dBc?
and long term 400 kHz
stability
Power S mA@ 2.5V 04mA @082 [35mA @ 1-5mA@ 1V
consumption vV 3.3V
Tunable range 20 % 10 % 1% 10-100%
Agility microseconds microseconds Nanoseconds




Spintronics ?

- Key technology behind magnetic data storage
— Ultra-sensitive read heads drive Moore’s law in HD data storage

< Many other applications
— Sensors (biosensors, automotive, ...)
— MRAM
— Spin-torque oscillators
— “Dirty” environments (radiation hardness, ...)
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Noise in GMR sensors: thermally excited

J. C. Jury, “Measurement and Analysis of Noise Sources in GMR Sensors Up to 6 GHz,”
IEEE Trans. Magn. 38, 3545 (2002). (Stanford & IBM)
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Fig. 1. Voltage noise spectral density for a typical GMR sensor (nonsaturated Frequency (Hz)

and saturated). Solid traces indicate actual measured data. Traces 1

(nonsaturated) and 2 (saturated) indicate 1/ f noise. Traces 3 (nonsaturated) . . . ) .
and 4 (saturated) indicate thermal (electrical and magnetic) fluctuation noise. Fig. 5. Measured voltage noise density for saturated type B sensors at various

Dotted lines extrapolate these traces to their infercept points. Trace 5 indicates bias currents. Solid line: measured no_ise at specified bias current. Dashed line:
the resonance in the magnetic fluctuation noise (at about 5 GHz). expected noise from measured ac resistance.

Also: Y. Zhou, “Experimental observations of thermally excited ferromagnetic resonance and mag-noise spectra
in spin valve heads,” MMM-46 (Seattle, 2001), Paper CB-06.
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Noise In GMR sensors: ... and more

J.-G. Zhu, “Current Induced Noise in CPP Spin Valves,” IEEE Trans. Magn. 40, 2323
(2004). (Carnegie Mellon & Headway Technologies)

[. INTRODUCTION

URRENT perpendicular-to-plane (CPP) read head de-
C signs, such as magnetic tunnel junction (MT]J), spin-valve
[1], and giant magnetoresistive (GMR) multilayer [2] designs
can potentially provide high readback amplitude at deep
submicrometer track widths. CPP spin valves are of particular
interest because they have low Johnson noise and are shot noise
free, in comparison with MTJ read heads.

in a CPP spin-valve head, the spin transfer effect
can induce a substantial magnetic noise with a pronounced 1/ f
spectral content if a critical current density i1s exceeded

- —.3—9—2008
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Noise In GMR sensors: ... and more

J.-G. Zhu, “Current Induced Noise in CPP Spin Valves,” IEEE Trans. Magn. 40, 2323
(2004). (Carnegie Mellon & Headway Technologies)

Fig. 1. Cross-section transmission electron micrograph of the CPP read sensor
stack, patterned into a 95 x 95 nm? square at the free layer level (left) and the
contacting pads.

- op — 3-9-2008
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Noise In GMR sensors: SMT noise

J.-G. Zhu, “Current Induced Noise in CPP Spin Valves,” IEEE Trans. Magn. 40, 2323
(2004). (Carnegie Mellon & Headway Technologies)
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Noise In GMR

sensors: SMT noise

J.-G. Zhu, “Current Induced Noise in CPP Spin Valves,” IEEE Trans. Magn. 40, 2323
(2004). (Carnegie Mellon & Headway Technologies)
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-15 -10

Integrated resistance noise power as a function of sense current,

measured in zero magnetic field. Noise criticality in either current direction is

evident.

Also: M. Covington, “Current-induced magnetization dynamics in current perpendicular to the plane spin valves,”
(Seagate)

2d 2008

PRB 69, 184406 (2004).
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= Vortex oscillations
IN hanopoint contacts

— Fabrication: IMEC
— Characterization: IEF-UPS, IMEC

— Modelling: U.Sheffield, IEF-UPS

p-- Universi
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Precession:

the fast dynamics of the magnetizatior

Damped precession of the magnetization M
around its equilibrium axis

Effective field H : all magnetic energies of the
system

Precession frequency: f =, H_

[fO:ZSMHz/mT (:Z.SGHz/kOe)J




Spin-torgue oscillators

Technical realizations:
- Nano-Pillar* . Nano-Contact"

Nanocontact samples:
= In-plane radius of active area: = 20 - 200 nm
= Free" layer thickness: 2 - 5 nm

» Fixed® layer thickness: 10 - 20 nm
(pinned with antiferromagnet)

=  Current density: = 108 - 10° A/cm?

13-9-2008
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RF emission from nano-contacts

Point contact geometry Parametric excitation of spin waves
@ AL --40 nm ‘@ due to spin-momentum transfer

CogoFe;, (20) 1 1 | [ I
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Relaxation f *Spln transfer
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Frequency (GHz) W. H. Rippard et al., Phys. Rev. Lett. 92, 027201 (2004)




RF emission from nano-contacts

a reference measurement

* spin valve stack with AR= 140mQ
H

* applied field ybH=0.7 T
|§ 85°

* output voltage: 93 puV (on 5002 load)

f=9.687 GHz
uH=07T

A

Power (nV’/ Hz)

067 968 (969) 970
Frequency (GHz)

W. H. Rippard et al.,

Phys. Rev. B 70, 100406 (2004)
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Point-contact fabrication

1. Cu bottom electrode

2. Spin valve deposition and
ion milling (17 x 27 ym)

3. Passivation with SiO>

4. E-beam lithography and
wet etching of point
contact and vias

5. Top contact definition
using metal (Au) lift-off

- 3-9-2008
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68 nm

AccV SpotMagn Det WD Exp F—— 200nm
1.00kY 3.0 240000x TLD 5.0 1 http:Hwww.imec.be

0 nm

x 1,01 pm i ¥: 1,00 ym

WVR — STT point contacts — SMT Workshop — 3-9-2008
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Measured Point Contact Diameter (nm)
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Magnetic and MR properties |

Point contact ~ 150 nm

uoMy,=11T
Free layer
{ poHr = 1.4mT

Pinned layer
CPP-GMR

L) Py/IrMn/CoF e/Cu/Py
sl R=25.30Q

Spin-valve stack

AR ~ 20 m¢)

U'-%)MOOZJO 0 200400600
field [Oe]
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RF measurements

* Variable < 3.5 kOe in-plane and perp-
to-plane fields

* Permanent magnets (~ 5 kOe) for
large perp. fields

Lockei 26 GHz
ocx-n Spectrum
amplifier analyzer
DC AC Vour(f)
Ri Ry RF amplifier
bank
i ~mA Fo~ptA ‘
00 micron§ o™ s + 55 48(Bandwidth:
: L 50 Mhz-26
Bias-tee GHz)
> 50 MHz C
> our

op — 3-9-2008
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Low frequency power spectra

Mistral, van Kampen et al., PRL 100, 257201
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Vortex oscillations in magnetic dots

Field-driven Current-driven
~ H, =~60e
Booa |
(] =
' e =
—_ f 2 =
=2 "'" £
: 1A G -
§ : *1“ %- 2 160 165
] ; e S Frequency [GHz)
: o
; -
E § 1}
-05 . : 1 : ¥ : A 1 0 i
100 150 200 250 1.112 1.114 1.116
Frequency (MHz) Frequency (GHz)
K. S. Buchanan, Nat. Phys. 1, 172 V. Pribiag et al., Nat. Phys. 3, 498
(2005) (2007)

| Geometry: Confining potential ‘

. 9-2008
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Vortex oscillations in point contacts?

Magnetic
free layer

Oersted-Ampere
field

Oersted field as confining potential?

(D -

wHo~05T  moHoe~0.06 T@30mMA  moHk~0.001 T
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Low frequency power spectra

1 10 100 nV3/Hz
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Zero-field oscillations

| =28 mA  Oscillations “nucleated” at high
fields persist to zero applied field
D@cr
1500 Lie
N 1000
< 2.79 kOe
= .
= 217 & o
0 3 &
¢ 500 155 T o
a 1 o 2
O O
0.93 DCT_J %
0.31
0 , , 0
0.25 0.3 0.35 0.4
Frequency (GHz)
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(In-)Sensitivity to in-plane fields

1 10 100 nV2/Hz | =28 mA

0.57

e Start with zero-field
oscillation

o
i

* Sweep field in film plane

* Bestpeak =
dipolar field bias (Néel
coupling) compensated

* stable up to 150-200 Oe

Frequency (GHz)

o
w

* completely suppressed
above

0.2t . . . .
-46 0 46 0 -46
In—plane Applied Field (Oe)
In-plane field sweep

I — E—

- 4 3-9-2008
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Micromagnetics simulations

I NiFe

Il Cu
CoFe

7 Ix Point contact radius 80 nm
| Simulation area radius - 1 ym

LLG + SlonczewsKi

h = hexchange + hanis + hdemag + hext + hoersted

+ inhom. J distribution (nanocontact exact profile)

= 3-9-2008
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Micromagnetics simulations

Mistral, van Kampen, Hrkac et al., PRL 100, 25720

Simulations show vortex orbits outside point contact region

| | | .

Mz : :

t=0.0ns t=5.0ns t=11.1 ns

-1 vortex
~
point
contact
t=19.2 ns £t =29.0 ns t=37.1 ns

- op — 3-9-2008
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Comparison between simulation and

experiment

Mistral, van Kampen, Hrkac et al., PRL 100, 257201 (200¢

0.1 1 10 100 nV2/Hz
800}

~
o
=

Frequency (MHz)
(®)]
o
=i

B
26 28 30 32 34 36 38

Current (mA)
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Rigid vortex model

Seek to explain general trends with analytical model

o Ko (oY) S
g * Treat vortex as rigid object

contact .

|||||||||||||

. dX dX
Gx 20 _qap. 220 v oW

dt dt M, X,

gryoscopic motion  damping spin-transfer force

* Derive equations of motion
with spin-transfer torque

Thiele equation + Slonczewski term

+JI(PJ_ —Ph)

S a
-9-2008
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Rigid vortex model

H

Mistral, van Kampen, Hrkac et al., PRL 100, 257201 (2008)

Assume vortex is sufficiently far from contact region

/\ I
J"_ - ™ "
#7, .

- CELL]
Bdigg =Y
AR LI
(N LR
EErEEr

) ““\:5"5:;”\1 rtex
Point . orte
contact

cf motion in central potential 200 100 0 100 200
Vortex core position (nm)

Oersted field energy W

O 1 «aDk? v I
wad op, GM, ) sin®©,

W =

- 0 -2:);8
lm e C L- 2008 36



Comparison between theory and experime

Frequency (GHz)

28 30 32 34 36 38 1 15 2 25 3 35 ,
\VJ Current (mA) Field (kOe) / 0
_ o1\ —1
W X = 1 =
w o I J Mo M,
- - )




Summary: vortex oscillations

® Solid experimental evidence of current-driven
vortex oscillations in metallic point-contacts

® < 500 MHz oscillations, tunable with current and
perpendicular fields

©  Good agreement with simulation and theory

S a
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 BLS studies on
IN hanopoint contacts

— Fabrication: IMEC

— Characterization: TUKL

I m  TECHNISCHE UNIVERSITAT
m KAISERSLAUTERN

- Vorkshop — 3-9-2008
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[ : swseveen:  Brillouin light scattering (BLS) process

= inelastic scattering of photons from spin waves

scattered photon

Osc =0, £
0 *To
_) —
dL£d spin wave W, = O TO
-
®, q
oL, L spectrum of scattered light
120_IIIIIIIIIII_
incident photon 7 |
[
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> |
D
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spin wave intensity | @|?
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w
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Point contact device geometries
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Device Fabrication

Tip and top electrode overlap
Au/Ti top electrodes

Uniform Ti/Au layer
Insulating SiO,

Thin film multilayer

GaAs substrate

Point contact etched into SiO,

——  » Top Electrode

— Insulating SiO, Layer
e _

Bottom Electrode




Device Fabrication

Optical lithography top electrode
Tip in uniform Au layer

Tip and top electrode overlap
Insulating SiO,

Point contact etched into SiO,

lmec 2008 | 43



E.g. BLS device

AccV SpotMagn Det WD Exp 1 200nm
500KV 30 187378xTLD 34 1 http-/hwww imec be

e -

4 -
AccV SpotMagn Det WD Exp T | 10 pm

bOoOKkY 3.0 5H847x SE 176 1 hﬂi:fhnnv.imec.be

~ — SMT Workshop — 3-9-2008
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Brillouin Light Scattering Devices: Tip Breakdo

< Tip breakdown for high currents (=30 mA)

Optical access to magnetic layer

= Mechanism? (Does the actual point contact survive?)

. — 3-9-2008
IMEC B |



Radiation pattern of resonances

Characterization of dynamic properties:
FMR with BLS-sensor

= constant position

= sweeping AC frequency for
different magnetic fields

Intensity of inelstally scattered light

3-9-2008
ted 2008 46



Radiation pattern of resonances

symmetric radiation around
the nano-contact

asymmetric radiation in
horizontal direction

!ﬂ '
2
E
8
z
i
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Nonlinear phenomena

= Constant position close to
the point contact

= Sweeping the externally
applied ac-frequency

- i = Higher frequency generation
- 2 .;-4 5 E. 7..!.9.14! 11 12 13 14 15 18 17 18 2f’ 3f1 4f

Frequency of RF-source [GHz]

= Half frequency generation
f, 1%f

3 magnon processes
72 f
>>-— —
\1/21‘

- hop 3-9-2008
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Nonlinear phenomena

Conservation of energy and momentum
In 3 magnon processes:

"
H=00Oe
ETE
Fo
O, 1
)
8-
s
o ¥
. Sl g -
2 3 4 5 B 7 8 9 10 1112 13 14 15 18 17 18 % # rE—
Frequency of RF-source [GHz] N 1
0,01 76
° . . . =0
0 100000 200000 300000 400000  SO0000
Wavevector [cm]

“[H=2500e
g..: = >f generation only if
§ 2. pumping frequency is
g at least twice the
- oo bottom of the spin

wave band




Nonlinear phenomena and DC current induce

RF freq = 8.9 GHz; H = 245 Oe

—
N

~ - BIAS TEE
T 10 e ac |l NANO
o -1 CURRENT I | CONTACT
AT o % ==
T 64 : m
g ::_:f-f/2
v 48 1
= 1
m _ 1
2 o 1
2 4 6 8 10 12 , ,
RF Frequency (GHz) » |nvestigation of the power threshold

RF Frequency = 8.9 GHz; H = 245 Oe for nonlinear frequency conversion as

> | function of the DC current

2 1DC=01mA J ~

g | s

C . .

3 L~ ’ The Resonance mode increases linearly

= f ~ with the applied RF-power

+= -l 1

g e ] f/2 » Yof shows clearly threshold behavior

g -~ /

e Threshold properties depends on internal losses

10 -5 0 5 10

RF power (dBm) (damping)

- orkshop — 3-9-2008
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DC current induced effects

Threshold power (for half mode generation)
dependence as function of the DC current
for H = 245 Oe and RF freq = 8.9 GHz

RF Frequency = 8.9 GHz; H = 245 Oe 12
=~ —_ | °
O S e=a= —e—-2mA S 10+ f/2 °/
o] f/2 ./. ’31:”" = —e—-1.5mA S | /
2 ] g j —e—-1mA T s /
8 E / —o—-0.5mA g o/
S ] / // —e— 0.1 mA 8_ 6 '/
2 [ 2-5 mA o /
: ?55353;331-“\;:.,:,/ A |t S+
TR :',,_,_,_._./ ey —e—1.5mA @ /
c -E:._: é:::;:::—;:::::{/ —o—2mA L ol o~ -~
n @P'"’\»\._._./'“— —e—25mA = -
m — ———————— 2 1 0 1 2 3
-3 3 6 9 12 DC current (mA)

0
RF power (dBm)

Q Shift of the power threshold for the 3-magnon scattering probability
O Control of the effective damping due to DC-current: Spin torque effect!

= 3-9-2008
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DC current induced effects

Measure the threshold power dependence as function of the DC current and the X scan position from the
point contact

RF Freq = 8.9 GHz; H =281.50e RF Frequency = 8.9 GHz; H = 281.5 Oe

= 12+ . —~ 121
5 |12 S ER2
) 10- P % 104
e 8 -/ & 8
¢ o rddee (o) 1 o/ ; . —e—-0.6 pm
P\ Q 61 o Q 6 —a—-0.4 ym
= % 4- ./ - ] —v—-0.2 um
Scan positions 2 1 S S 4- —e— 0 pum
\ 1 o _ = —<— 0.2pm
£ 2 X=0pm o 21 —»— 0.4 ﬁm
S < ] 0.6 um
5 4 3 2 1 0 1 0-21'-'3'-'2'-'1'6'1'
DC current (mA) DC current (mA)

No effect of the scan position on the dependence of the shift of the power threshold
for the 3-magnon scattering probability as function of the dc current: Spin torque
effect and no effect of the Oersted field (= spatial dependence) ?

- 4 3-9-2008
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DC current induced effects

Measure the threshold frequency for half frequency generation as function of
the DC current and the scan position from the point contact:
Know the effect of the spin torque effect or the Oersted field on the shift of
dispersion curves

H=281.50e, X =0 um:; DC = 0.1 mA H =281.5 Oe; x=0 um

12 — 7 —e—0.1mA
2 f
o = /
o 2 {3
o 6 @ A /
= 2 \/ \ f\,
o 4 N /* \
(il) EI \w-m. .-.’ .‘/ .\.-o
- 22 4 6 8 10 Mo 2 8- 8 10
RF Frequency (GHz) Mo RI’F(I‘equency (GHz)

N\ P

Threshold frequency

| ] I .
rkshop — 3-9-2008
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DC current induced effects

H=281.50e; x=0 um

H=281.50e; X=0pum

= ; —e—-4mA | ¥ ]

= —em-3mALT 2

3 | e 2mA | 3

= —e<-1mA | <

> 5 2

Rl e el o) = - _._01 mA (TJ
N (20 c

: S —e—1mA I3
Scan positions € | 2 mA o
: 2 —e—3mA 7
m ST .—__4_[nA -
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DC current induced effects

Measure the threshold frequency for half frequency generation as function of
the DC current and the scan position from the point contact:

threshold frequency for o/2 generation
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O DC current induced a shift of the threshold frequency for /2 generation

O No effect of the X scan position (left and right from the point contact) on the
threshold frequency dependence as function of the DC current : Spin torque effect and
not Oersted field effect! (Oersted field effect = spatial dependence with distance from

‘ the point contact)!



Conclusion and perspectives

< Conclusions:

— Dc current induced a shift of the power threshold for the 3-
magnon scattering probability and the threshold frequency for
half frequency mode generation

— control of the effective damping due to DC-current

— No effect of the scan position on the dependence of the
threshold properties of 3-magnon scattering decay (power and
frequency) as function of the dc current

= Spin torque effect and no effect of the Oersted field?

- Perspectives:

— Understand more the effect of spin torque transfer in nonlinear
spin dynamics system
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