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Single-crystalline, epitaxial Fe/Ag/Fe(001) nanopillars

MBE growth of fully epitaxial multilayer structure on GaAs(001)
Optical and e-beam lithography to define nanopillars with & ~ 70 nm

top electrode Ti U
“free” layer 2 nm Fe
decoupled by 6 nm Ag |SiO SIO,
“fixed” layer 20 nm Fe
bottom electrode Ag
+ SI10, insulation
—
@~ 70 nm

All layers grow epitaxially and single-crystalline
as confirmed by LEED and RHEED

H. Dassow, D. E. Birgler et al., Appl. Phys. Lett. 89, 222511 (2006)
R. Lehndorff, D.E. Burgler et al., Phys. Rev. B76, 214420 (2007)
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MBE growth of fully epitaxial multilayer structure on GaAs(001)
Optical and e-beam lithography to define nanopillars with & ~ 70 nm

top electrode Ti
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All layers grow epitaxially and single-crystalline
as confirmed by LEED and RHEED

H. Dassow, D. E. Birgler et al., Appl. Phys. Lett. 89, 222511 (2006)
R. Lehndorff, D.E. Burgler et al., Phys. Rev. B76, 214420 (2007)

03. September 2008 Folie 3



Why single-crystalline Fe/Ag/Fe? !) JULICH
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® Homogeneous magnetic (e.g. anisotropy) and
electric (e.g. conductivity) properties

® Well defined, sharp interfaces

® Interplay between magnetocrystalline anisotropy and

spin-transfer torque ' >
P g easy axes [100]

® Fe/Ag(001) interface predicted to be a good polarizer, Ex(M free) A[010]

l.e. large P, = 0.85
® Fe/Ag/Fe(001) system predicted to exhibit strong spin M. /

accumulation, i.e. large asymmetry parameter A = 4.0 >
(A measures conductivity mismatch between FM layer and spacer) (100]

M.D. Stiles and D.E. Penn, Phys. Rev. B 61, 3200 (2000)
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Prediction of Slonczewski’s theory #) JULICH
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J.C. Slonczewski, J. Magn. Magn. Mater. 247, 324 (2002)

Angular dependence of GMR Angular dependence of STT
— cog> P. sin(@
R(O) 1 2cos (922) STT(6) _ r (_1) —
1+ (A" —1)cos“(8/2) Acos“(8/2)+ A sin“(6/2)
N T T 1 T T T J | T | T | T
%”’3? A=1.0 i
206 -
o] :
gt
=20.21 A=34
i) | | 1 | 1 1 1
0 P4 P2 3P/ Pi 0 P4 P2 3P4 Pi
angle between m., and mg, 4 angle between m¢.. and mg, .4

= Fe/Ag/Fe(001) system is expected to exhibit strong asymmetry
for both GMR and STT
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CPP-GMR of a single-crystalline nanopillar 0JULICH

FORSCHUNGSZENTRUM

2nmFe/6nmAg/20nm Feat5h K, field along Fe(110) hard axis

1.0 i 7
L | — Experiment ﬂ’\\g :
§ 08 Simulation: ' . small |
= - — leastenergy ¥ |
© 06 — 2ndleast i
= _ _
N 04 r 7
(_éj i .
= 0.2 _
< ' variable B
0.0
| ] ]

-150 -100 -50 0 50 100 150
Magnetic Field B (mT)

R. Lehndorff, D.E. Birgler et al., Phys. Rev. B76, 214420 (2007)
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CPP-GMR of a single-crystalline nanopillar !) JULICH

FORSCHUNGSZENTRUM

2nmFe/6nmAg/20nm Feat5h K, field along Fe(110) hard axis

1.0 i 7
L | — Experiment ﬂ’\\g :
§ 08 Simulation: ' . small |
= — leastenergy v |
© 06 — 2ndleast i
= _ _
N 0.4 - 7
= 0.2 _
< ' variable B
0.0
| ] ]

-150 -100 -50 0 50 100 150
Magnetic Field B (mT)
= GMR(90°) = 0.3 yields Agyg = 1.6
R. Lehndorff, D.E. Birgler et al., Phys. Rev. B76, 214420 (2007)
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Two-step current-induced magnetization switching !) JULICH
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2nmFe/6nmAg/20nm FeatbK; B, =7.9mT along hard axis

0

Current density j [107 A/cm?]
-20 -10 0 10 20

Differential resistance dU / dl [a.u.]

DC current | [mA]

variable |

Four energetically nearly identical states give rise to two-step switching:
| | .
Parallel d—>  90° “%—> Antiparallel

03. September 2008 — A STT = 3 4

Folie 8



FORSCHUNGSZENTRUM

I Simulation of two-step switching OJ[JLICH

Current density j [107 A/cm?]
-20 -10 0 10 20

Differential resistance dU / dl [a.u.]

P I T A

| I 1 | I |
-8 -4 0 4 8
DC current | [mA]

= Two-step switching (0° — 90°— 180°) can be reproduced
by macrospin and micromagnetic simulations

R. Lehndorff, D.E. Birgler et al., Phys. Rev. B76, 214420 (2007)
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Switching to the 90°-state: Simulation #) )0LICH
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|, STT acts against dampmg on whole trajectory

0.2} Exutatlon from initial state
0.1f
O »
-0.1
amping torque — -
-0.2 m(t) +
. Spin transfer torque —=
-1 -0.5 0 0.5 1
m

g

R. Lehndorff, D.E. Birgler et al., IEEE Trans. Magn. 44, 1951 (2008)
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Switching to the 90°-state: Simulation
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|, STT acts against dampmg on whole trajectory

M

M

fixed

0.2}

0.1F

Relaxatlon to 90°- state

ﬁf{ 1??“;?5
“ =
time

=

—
—_
b—

AR
(/m

Damping torque — -

m(t) +
. . Spin transfer torque ——=
1 0.5 0 -0.5 -1

m
X

After switching the net action of the STT along the trajectory almost

cancels out = relaxation in the 90°-state
R. Lehndorff, D.E. Birgler et al., IEEE Trans. Magn. 44, 1951 (2008)
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Wiring diagram for HE measurements 0JU'—'CH
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21 dB  Spectrum

Sample Blas-Tee Amplifier analyzer
= fH=~ @
— DC HF HF
DCT U or | voltmeter or
du/dl Lock-In

I DC current
source

Setup similar to Kiselev et al., Nature 425, 380 (2003)
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A weak external field B_,, = 5 mT is applied at an angle of 15" relative to an
easy axis, currents correspond to the 90°-aligned state, T =5 K.

! T I ' I Current density j [10” A/cm’]
-20 -10 0 10 20

! | |
+9dBm A
.\ B, <<B_,
6.75 mA
55 |-

M A +6 dBm

6.5 mA

-

Differential resistance dU / dl [a.u.]

} Low-field excitations: Experiment OJULICH
3

. , S —

LT +3 dBm
60 |- 6.25 mA W‘V\W\v\w
W 6.0 mA W, i . T
- i =30
65 - ! ! | . A R T R
6 6.5 7 7.5 8 -8 -4 0 4 8
Frequency (GHz) DC current | [mA]
Interplay between anisotropy and STT explains the low(zero)-field

excitations
R. Lehndorff, D.E. Birgler et al., IEEE Trans. Magn. 44, 1951 (2008)
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Low-field excitations: Simulation !)J[JLICH
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Under low-field conditions a precession with smaller cone angle is excited

0.15
O0.1F i
ﬁ v
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m 05 T1 % ™

: 0.1} Damping torque — - -
/ m() =

0.15 Spin transfer torque —
M -0.

fixed 0.4 0.2 0 -0.2 04
m

The STT is asymmetric with respect to the precession axis and partly
cancels its action on My, along one revolution
— Low-field precession only exists due to the angular asymmetry of g(®)
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Low-field excitations: Simulation !)JULICH
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— Low-field precession only exist due to the angular asymmetry of g(®)
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Interplay between STT and cubic magnetocrystalline anisotropy in
single-crystalline nanopillars:

O Two-step switching via an intermediate 90°-aligned state

O Low(zero)-field precession in the 90°-aligned state, where the internal
anisotropy field replaces the external field

O Both effects are manifestations of an asymmetric angular
dependence of the STT, 1.e. g(®)

O First simultaneous observation of the angular asymmetries
of STT and GMR

H. Dassow, D.E. Burgler et al., Appl. Phys. Lett. 89, 222511 (2006)
R. Lehndorff, D.E. Burgler et al., Phys. Rev. B76, 214420 (2007)
R. Lehndorff, D.E. Blrgler et al., IEEE Trans. Magn. 44, 1951 (2008)
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D.E. Blrgler, M. Buchmeier, R. Schreiber, P. Grtinberg,
A. Kakay, R. Hertel, and C.M. Schneider (IFF)
A. van der Hart and N. Klein (IBN)

~ Henning Dassow Ronald Lehndorff
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