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1. Motivation: 1. Motivation: SpintronicsSpintronics
Want to use spin DOF for information processing, i.e. 

...
to inject a spin current to detect the 

resulting spin 
polarization in non-
magnetic metals 

to transfer and 
manipulate this 
spin information



4

Idea of the ExperimentIdea of the Experiment
Co-Al-Co-spin-valve: FNF-tunnel-junction 

(more precisely a F-I-N-I-F Junction)
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TUNNEL BARRIERS

=>  high(ly) spin-dependent   
Resistance

R↑∓ R↓

=>  enhanced spin injection
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spin injection and detectionspin injection and detection
of hot electrons (1eV) above Fermi level

Co1:Injector
MCo1

Co2: Detector

MCo2

y

x

Apply current I Measure  voltage V

Electron 
spins

“majority spins” || MCo1

“minority spins” || MCo1

=> non-zero spin polarization P ( 10%) 
in non-magnetic Al!
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1.1 Fabrication 1.1 Fabrication 
suspended shadow mask evaporationsuspended shadow mask evaporation

Step 1: Pattering with EBLStep 1: Pattering with EBL

Evaporate Al strip 50x250 nmAl strip 50x250 nm22

Step 2:Step 2: 2Al + 2Al + 33//2 2 OO22 ⌫⌫ AlAl22OO33

at 5 x 10-3 bar for 10 minutes

Step 3: Evaporate two Step 3: Evaporate two CoCo electrodeselectrodes

Co1: 0.4 x 4 Co1: 0.4 x 4 �mm22 and  Co2 0.2 x 12 
�m2

Si/SiO2 substrate
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1.2 Measurement Geometry1.2 Measurement Geometry

B||

Goal: Device resistance R = V/I sensitive to the spin DOF only!

Rbackground >> R↑ , R↓

� AMR contributions

� Hall effects

� spin flips

�
conventional  
geometry

� AMR contributions

� Hall effects

� spin flips

� non-local 
geometry

Co2

Co1
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2.1 Transport in a Ferromagnet2.1 Transport in a Ferromagnet
Spin-dependent ...

...DOS at EF ...diffusion constants            ...conductivities 

N↑

N↓

Current I distributed 
over two spin channels
( due to σ↑ ∓ σ↓)

Spin polarization p 

of ferromagnet

p = 

Spin flip time 
☺↑↓, ☺↓↑

Momentum scattering time ☺e = le /vF <  ☺sf => diffusive regime

<p>weighted = p2
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2.2 Diffusive Regime2.2 Diffusive Regime
Diffusive regime

t > ☺sf

x
0 L

t

• t ‘flight time’  from Co1-Co2

• �sf = (D ☺sf )1/2 spin relaxation length

typically �sfV1 �m

• D diffusion constant (of e in Al)

• L = d(Co1, Co2) V 550-1350 nm
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Diffusive Transport RegimeDiffusive Transport Regime

Electron transport through a diffusive channel  is due to a ��
of two connected electron reservoirs 

Def: Electrochemical potential (at B=0) 
� = �ch - eV

�ch = n/N(EF) = (excess electron density) / (DOS at EF)
In the linear response regime (small deviations from equilibrium, i.e. |eV| < kBT )

A driving force of electron transport, a gradient of �, can result from either

E = -
µV

Drift picture

E ∓ 0

µn

Diffusion picture

E = 0, µn ∓ 0

σ = e2 N(EF) D

Einstein relation
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Diffusion equationDiffusion equation
Thus, (1D) spin-coupled diffusion eq. in Al 
describing the effect of the spin flip processes:

��’’=1/�sf 2 

��

i.e. Non-equilibrium spin accumulation 
�� decays over  timescale ☺sf .

� without spin injection

�↑ and � ↓ with spin 
injection

=> Solution (1):

(1) 

A    cross sectional area

�

x(�s

f)



12

3. Experimental Results3. Experimental Results
3.1 Control relative Magnetization of 3.1 Control relative Magnetization of 

Co1 and Co2 via Co1 and Co2 via B||

Choose different aspect ratios 
for Co1 and Co2
in order to control

MCo1 - MCo2 ε {⇒, R}

=> different coercive fields B||

From symmetry:

R = V/I indeed 
sensitive to spin 
DOF only!

Sweep -⌫ + ⇒
R

Sweep + ⌫ - ⇒

⇒
⇒
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3.2 3.2 Spacing L from Spacing L from 
Injector Co1 to Detector Co2Injector Co1 to Detector Co2

spin dependent 
resistance

�R = �R(L) = �V/I

where �V is the output 
voltage difference between 
parallel and antiparallel
configuration
of MCo1 - MCo2 ε {⇒, R}

(1)

fit

e-L/ �sf describes effect of 
spin scattering/ flips
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3.1 Retrieve 3.1 Retrieve ��sfsf , D and , D and ☺☺sfsf

from from ��RR(L)(L)

From fit : P (T=4.2K) = P (T=293K) = 0.11 ± 0.02 
�sf (T=4.2K) = 650 ± 100nm          �sf (T=293K) = 350 ± 50

nm

(1)

From Einstein relation σ = e2 NAl(EF) D with NAl = 2.4x1022 states/cm3:

D (T=4.2K) = 4.3x10-3 m2/s            D (T=293K) = 2.7x10-3 m2/s 

From �sf = (☺sf D)1/2 :

☺sf (T=4.2K) = 100 ps ☺sf (T=293K) = 45 ps 
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Diffusive Regime CorrectionDiffusive Regime Correction
Have many different paths/flight times t in the Al strip 

from Co1 to Co2

=>  broad distribution over 
diffusion times t

x
0 L

CORRECTION to output voltage V:

Sum contributions of e--spin over all 
diffusion times t

V  
�

t2
t3

t1
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3.3 Diffusion eq. Solution with B§
spins precess around B§ direction with

7Larmor = gAl�BB§ /�

=> spin direction altered by � = 7L t 

=>  Co2 electrode detects projection of spin  
onto MCo2 direction ε {0, %}

=>  contribution of an e- to V is ~ ±cos(�)

B§

MCo2

s

t = L2/DDiffusion time 
from Co1-Co2

=> Solution (2):

(2) 

MCo1

�
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DiffusionDiffusion eqeq. Solution at large B. Solution at large B§§
At large B§, the Co2 detector electrode 
magnetization MCo2 is tilted out of the Al plane 
by an angle O ε [0, %/2]

=> Solution (3):

(3) 

precession background

B§
MCo2s

Diffusion time 
from Co1-Co2

MCo1

�’
O

t = L2/D
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Limits for very... 

O=%/2
:

(3) 

precession background

B§MCo2s

Diffusion time 
from Co1-Co2

MCo1

�’
’

O = %/2

... large B§

O=0 :

... small B§

(3) 

1

1
t = L2/D
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V/I  as a function of (V/I  as a function of (B§§, , OO))
at T=4.2 K and L=650nmat T=4.2 K and L=650nm

(3)

(2)

<�
>=

 0

<�
>=

 -%
/2

<�
>=

 %
/2

<�
>=

 %

Effectively converting 
spin-up to spin-down 
population et v.v.

O = O(B§ ) independently from 
measurement of the anisotropic 
magnetoresistance of the Co 
electrodes

B§§
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V/I  as a function of (V/I  as a function of (B§§, , OO))
at T=4.2 K and L=650nmat T=4.2 K and L=650nm

<�
>=

 0

B§

MCo2

s

MCo1

<�> = 0

B§§
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V/I  as a function of (V/I  as a function of (B§§, , OO)) at at 
T=4.2 K and L=650nmT=4.2 K and L=650nm

<�
>=

 -%
/2

<�
>=

 %
/2

B§

MCo2

s

MCo1

�=%/
2

<�> = %/2

B§§

⇒⇒
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V/I  as a function of (V/I  as a function of (B§§, , OO)) at at 
T=4.2 K and L=650nmT=4.2 K and L=650nm

<�
>=

 -%
/2

<�
>=

 %
/2

B§

MCo2
s

MCo1�=-%/2

<�> = %/2

B§§



23

V/I  as a function of (V/I  as a function of (B§§, , OO)) at at 
T=4.2 K and L=650T=4.2 K and L=650 nmnm

<�
>=

 %

<�
>=

 -%

B§
MCo2s
MCo1

� = %

O

<�> = %

B§§
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4.4. FacitFacit
The device is such that...

z

xy 

B||

B§§

• the output voltage V is sensitive to the spin DOF only

• can control sgn(V) via...
1. the relative magnetization MCo1 - MCo2 via B||

2. coherent spin precession via B§§
inducing an average precession angle <φ>=л

substrate plane

MCo1,  
MCo2

• works also at room temperature

• in good agreement with theoretical predictions



5. Outlook: 5. Outlook: 
Al            Carbon Al            Carbon NanotubesNanotubes

F F

I I

� ballistic transport in metallic (single wall) CNT
=> increased length of spin transmission channel

lesser loss of detection signal when manipulating spin
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Fuel for Discussion:Fuel for Discussion:
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Diffusion eq. In Al with 
boundary condtions

general solution for a uniform
ferromagnet or nonmagnetic wire
(using current conservation)

solutions in each of the six regions of 
the

Coefficients A, B, C, D 
fixed by b.c.
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Asymmetry between Asymmetry between ⇒⇒ and and 
in in theVtheV/I curves /I curves 

... for B§§ > 200 mT

<= Co electrodes tilted out of 
substrate plane (AL strip)



29



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


