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The next 45 minutes:

Introduction: graphene last talk of a graphene workshop...

Introduction: (4-terminal) lateral spin valves

Making graphene based devices

RT spin valve/precession measurements on graphene

Spin vs charge diffusion; relaxation mechanism, anisotropy

Carrier drift: controlling the transport / injection

And finally: transport through p-n junctions
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Google says:
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Google says:

graphene: “about 592.000” hits

carbon nanotube: 834.000

fullerene: 1.920.000

graphite: 16.800.000

diamond: 182.000.000

Michael Jackson: 254.000.000
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Google says:

graphene: “about 592.000” hits

carbon nanotube: 834.000

fullerene: 1.920.000

graphite: 16.800.000

diamond: 182.000.000

Michael Jackson: 254.000.000

but
of all these,
graphene is the youngest!
(and very much alive)
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best thing since sliced bread?
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Graphene bandstructure
En

er
gy

 

ky

kx

EF

electron states

Dirac neutrality points

hole states

Dispersion relation:
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gate voltage dependence

hole 
conductance

electron 
cond.

EF

EF

Existence of minimum conductivity: A.K. Geim & K.S. Novoselov, Nature Materials 6, 183 (2007)
and everybody else who does CHARGE transport... 

4-terminal electrical measurement 
of graphene resistance:

σ(E) = ν(E) e2 D(E)

Einstein relation:
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spin transport in graphene?
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spin transport in graphene?

Theory predicted (“folklore”?):
Weak spin-orbit + hyperfine interactions

Long spin relaxation T1 and dephasing T2 times (5-50 ns)
        spin qubit, quantum computation?

With high mobilities: 
spin-flip length up to 100 μm at RT?

low power non-volatile spin logic devices, p-n junctions

robust, thin (=high integration density)
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Spin injection / transport literature

E.W. Hill et al., IEEE Trans. Magn. 42 (10), 2694 (2006) 

N. Tombros, C. Józsa et al.,  Nature 448, 571 (2007)

S. Cho et al., Appl. Phys. Lett. 91, 123105 (2007)

M. Nishioka et al., Appl. Phys. Lett. 90, 252505 (2007)

M. Ohishi et al.,  Jpn. J. Appl. Phys. 46 (25), L605-L607 (2007) 

W.H. Wang et al., Phys. Rev. B 77, 020402(R) (2008)

Experimentally: electrically, through FM contacts:

Theory of SO in graphene:

Trauzettel et al., Nat. Phys. 3 (2007)

C.L. Kane and E.J. Mele, PRL 95 (2005)

Y. Yao et al., cond-mat/0606.3503

D. Huertas-Hernando et al., PR B74 (2006)

M. Gmitra et al., cond-mat/0904.3315

C. Ertler et al., cond-mat/0905.0424

Honki Min et al., PR B 74 (2006)
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about spin relaxation

i: Elliott-Yafet:
spin flip induced by scattering;
τs ~ τd

ii: D’yakonov-Perel:
spin precession around fluctuating 
effective magnetic field;
τs ~ 1/τd

iii: hyperfine:
interaction with nuclear spin;
1%  13C
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Spin injection: the basic picture
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Spin injection: the basic picture
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spin detection: lateral spin valve
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non-local 4-terminal spin valve
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non-local 4-terminal spin valve
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non-local 4-terminal spin valve

I
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spin
versus
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relaxation

injectiont = t0
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non-local vs. local
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the birth of a graphene 
spin valve device
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the scotch tape method
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Graphene flakes: localization (optical + AFM)

graphene spin valve device

Ti/Au (40nm) markers
Si(n++) / SiO2 (300 nm)substrate

Ti/Au (100 nm) gate electrode
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key ingredient: Al (0.6 nm) UHV evaporation + oxidization

graphene spin valve device
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Electron beam lithography + Lift-off: Co contacts 

graphene spin valve device
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And ready to be measured

graphene spin valve device
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A suitable graphene flake

14 µm

optical
microscope
image

graphene
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Cobalt contacts on the flake

optical
microscope
image

14 µm
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Cobalt contacts on the flake

200 µm

optical
microscope
image
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HOPG samples, afm imaging
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HOPG samples, afm imaging

before...
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same sample, sem image

...and 
after
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KISH samples, optical imaging
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same sample, SEM imaging

tilted

32



sample overview, SEM imaging
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shape control: plasma etching

artificially 
coloured
SEM
image

Si(n++)/SiO2

Co

SLG
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width control: plasma etching

dirty, but 
it works
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spin valve and spin 
precession
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4-terminal spin valve measurement

N. Tombros, C.J. et al., Nature 448, 571-574 (2007)

Determining spin transport 
parameters: length dependence? 

37



4-terminal spin valve measurement

› diffusion over 6μm

› sign reversal

› low noise 

› T = 300K !

› old measurement!

N. Tombros, C.J. et al., Nature 448, 571-574 (2007)

Determining spin transport 
parameters: length dependence? 
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hanle precession

spin precession 
under external 
magnetic fieldB
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hanle precession

spin signal 
depends on:
• B strength
• SV length
• spin flip time
• diffusion const
• spin injection

spin precession 
under external 
magnetic fieldB
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hanle precession

Bloch equation for 
spin accumulation:
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  Charge diffusion constant:
  D= ½ vF l ≈ 2.5x10-2

         - similar to Dspin
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  Relaxation:
  100x faster than expected
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spin vs. charge diffusion
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spin vs. charge diffusion
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spin vs. charge diffusion*

spin and charge:
similar diffusion

no
spin 

Coulomb
drag

-> e-e interactions
too weak!

*C. Józsa, T. Maassen et al., in preparation

2

Here e is the electron charge and Rs is the sheet resis-
tivity of the graphene layer, measured in a 4-terminal
geometry. Finally, using the semiclassical Drude formula
one can calculate the carrier mobility µ = (Rsne)−1 for
the metallic regime.

In order to determine D experimentally we have built
field effect transistor type devices where the single layer
graphene flake is contacted by several metallic electrodes.
A scanning electron microscope (SEM) image of such a
device is shown in Fig. 1a). Our graphene flakes are
obtained by mechanical exfoliation from bulk graphite
and deposited on a thermally oxidized, n-doped Si sub-
strate (300 nm thick oxide layer). The Si substrate con-
tacted by a bottom Au electrode is used as electrostatic
gate; applying a voltage Vg of typically tens of volts on
it allows reaching carrier densities n ! 7.2 × 1014Vg in
the graphene up to 1017 m−1 (electrons or holes). A
set of predefined Ti/Au markers help to accurately lo-
cate the selected flakes through optical- and atomic force
microscope. The electrical contacts are patterned using
electron beam lithography and standard lift-off technique
and evaporated thermally at a base pressure of ∼ 10−6

mbar. In order to allow for spin injection and trans-
port measurements as well, the contacts are ferromag-
netic (cobalt) and are separated from the graphene by
a 0.8 nm thick Al2O3 insulating layer as it is already
described in Ref. 3, resulting in contact resistances of
the order 20-40 kΩ. Additionally, the naturally polygo-
nal shaped graphene flake itself was etched with oxygen
plasma into a cross shape, to allow for precise Hall type
measurements using the side contacts 5 and 6 on Fig. 1a)
as current injectors and contacts 4 and 7 as Hall voltage
probes.

The graphene’s sheet resistivity is determined from so-
called four-probe local measurements, where e.g. we send
an electric current from contacts 1 to 4 and measure the
voltage drop between contacts 2 and 3, recording this way
only the resistance of the graphene region 2 to 3. This
measurement we can do in function of an applied gate
voltage (i.e. in function of carrier density); the resulting
curve is plotted on Fig. 2 a), normalized to the number
of graphene squares (length to width ratio). Using the
Einstein formula 2 from such a measurement we calculate
the charge diffusion constant D in the metallic regime,
see the solid line on Fig. 2c).

The ferromagnetic contacts allow for spin valve and
spin precession type measurements. These we perform
in the non-local geometry: the spin-polarized charge cur-
rent is injected e.g. through electrode 2 and extracted
through electrode 1, while we measure the voltage drop
between electrodes 3 and 4. There is no charge current
flowing where the voltage drop is measured; any signal is
due purely to the effect of spins diffusing from the injector
electrodes 2,1 to the detectors 3,4. Applying an in-plane
magnetic field parallel with the electrodes we can switch
their magnetization and measure the typical spin valve
effect as explained in [3]. Subtracting the signals at par-
allel and antiparallel orientation of the injector/detector

FIG. 2: (Color online.) Charge- and spin transport param-
eters plotted against gate voltage. a) Sheet resistance; b)
Non-local spin valve signal determined from spin valve- and
from Hanle precession measurements; c) Charge- and spin dif-
fusion constants; d) Spin relaxation time; e) Spin relaxation
length.

electrodes’ magnetization while scanning the gate volt-
age indicates a considerable dependence of the spin valve
signal on the charge carrier density as plotted in Fig. 2
b), solid line.

Applying a (small) magnetic field orthogonal to the
sample plane will result in a precession of the injected
spins, an effect called Hanle spin precession. Measur-
ing the voltage drop while we sweep the magnetic field
(i.e. we change the precession speed) yields curves like
the ones shown in fig. 1b). Here we plot four such
measurements: two in the metallic regime, Vg = +40V
(n ≈ 2.3 × 1016 m−2), and two at the Dirac neutrality
point, with the injector/detector electrodes oriented par-
allel and antiparallel, respectively. The curves are gen-
erally symmetric around zero, not considering the small
background signal. The parallel-antiparallel signal dif-
ference at zero field is the same as the spin valve signal
explained above and is plotted for different gate voltages
on Fig. 2b), scatter. The advantage of a spin precession
measurement is, that it allows extracting spin transport
parameters such as spin diffusion constant Ds and spin
scattering time τs. This is done by fitting the measure-
ments (the parallel and antiparallel configurations, to-
gether) with the Bloch equation for spin accumulation

D, τ, λ: the same 
trend vs. Vg

41
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Here e is the electron charge and Rs is the sheet resis-
tivity of the graphene layer, measured in a 4-terminal
geometry. Finally, using the semiclassical Drude formula
one can calculate the carrier mobility µ = (Rsne)−1 for
the metallic regime.
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measurements using the side contacts 5 and 6 on Fig. 1a)
as current injectors and contacts 4 and 7 as Hall voltage
probes.

The graphene’s sheet resistivity is determined from so-
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only the resistance of the graphene region 2 to 3. This
measurement we can do in function of an applied gate
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see the solid line on Fig. 2c).
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in the non-local geometry: the spin-polarized charge cur-
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through electrode 1, while we measure the voltage drop
between electrodes 3 and 4. There is no charge current
flowing where the voltage drop is measured; any signal is
due purely to the effect of spins diffusing from the injector
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b), solid line.

Applying a (small) magnetic field orthogonal to the
sample plane will result in a precession of the injected
spins, an effect called Hanle spin precession. Measur-
ing the voltage drop while we sweep the magnetic field
(i.e. we change the precession speed) yields curves like
the ones shown in fig. 1b). Here we plot four such
measurements: two in the metallic regime, Vg = +40V
(n ≈ 2.3 × 1016 m−2), and two at the Dirac neutrality
point, with the injector/detector electrodes oriented par-
allel and antiparallel, respectively. The curves are gen-
erally symmetric around zero, not considering the small
background signal. The parallel-antiparallel signal dif-
ference at zero field is the same as the spin valve signal
explained above and is plotted for different gate voltages
on Fig. 2b), scatter. The advantage of a spin precession
measurement is, that it allows extracting spin transport
parameters such as spin diffusion constant Ds and spin
scattering time τs. This is done by fitting the measure-
ments (the parallel and antiparallel configurations, to-
gether) with the Bloch equation for spin accumulation

D, τ, λ: the same 
trend vs. Vg

Comparison of spin and charge diffusion in graphene

C. Józsa1, T. Maassen1, M. Popinciuc2, P.J. Zomer1, A. Veligura1, H.T. Jonkman2, and B.J. van Wees1
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Direct experimental study of the diffusion of charge carriers in graphene presents difficulties around
the charge neutrality point. We can circumvent the problem by studying the effect of spin diffusion in
this regime, in a four-terminal spin valve device. To extract the spin transport parameters (diffusion
constant and spin scattering time) we performed precession measurements in the Hanle geometry
at low and high carrier densities and fitted them with the Bloch equation. On the other hand, a
model based on a broadening of the graphene’s zero-DOS around the charge neutrality point allows
determination of the charge diffusion constant from simple resistivity-versus-density measurements
in the carrier density range 0 to 1017 m−2. The charge- and spin diffusion constants obtained this
way are in very good agreement and indicate a DOS broadening of 180 meV. This we can attribute,
besides a small thermal broadening, mostly to the coexistence of electron-hole puddles at the low
density regime. The lack of a Coulomb spin drag means that the electron-electron interactions are
relatively weak and spin scattering is dominated by the impurities.

PACS numbers: 72.25.Hg, 73.63.-b

The very high charge carrier mobility[1, 2] and long
spin diffusion length[3] measured at room temperature
make graphene an attractive new material for the fu-
ture of electronic and spintronic devices. This two-
dimensional crystalline material has two electronic con-
duction regimes, metallic (holes or electrons) where
charge carriers are predominantly one type, and the re-
gion around the Dirac neutrality point where transport
of electric current happens through small regions charged
locally with holes or electrons (”electron-hole puddles”).
The coexistence of such puddles yielding a finite local
density ∆n ≈ 1015 m−2 was shown experimentally us-
ing scanning single electron transistor technique[4] and
scanning electron spectroscopy[5, 6], the intensity of
the fluctuations being strongly enhanced by substrate
impurities[2]. The presence of weak electron-electron in-
teractions was very recently shown by experiments on
graphene deposited on graphite[7], through the reduced
lifetime of the Dirac-fermions. However, in samples on
insulating substrates this was so far impossible to detect,
due to the overwhelming intensity of impurity scattering.

In this manuscript we present a study of the spin
transport and scattering in single layer graphene sam-
ples on SiO2 substrate at a wide range of carrier densi-
ties with an accent on the Dirac neutrality point where
Coulomb type electron-electron interactions are expected
to become dominant[8]. We compare this directly to the
charge transport in the same samples to learn more about
the diffusion phenomena and the interactions that lead
to spin relaxation.

The charge carrier transport in graphene in the metal-
lic regime (at an energy ε sufficiently far away from the
Dirac neutrality point) can be described by a relatively
simple diffusion process characterized by a 2-dimensional
charge diffusion constant D. The density of states (DOS)

is in this case given by[9]

ν(ε) =
gvgs2π|ε|

h2v2
F

(1)

with the twofold valley (gv = 2) and spin (gs = 2)
degeneracies and the Fermi velocity vF ≈ 106ms−1.
By integration we can obtain the total density n(ε) =
gvgsπε2/(h2v2

F ) and the Einstein formula allows for cal-
culating the charge diffusion constant

D =
1

Rse2ν
=

hvF

2e2√gvgsπ

1
Rs
√

n
. (2)
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FIG. 1: (Color online.) a) Hanle precession measurements at
the Dirac neutrality point and in the metallic regime, with the
injector/detector magnetization aligned parallel and antipar-
allel. Data is fitted with the formula 3 (solid lines). b) SEM
image of an actual device. A 300 nm wide, 13 µm long strip
with a cross shape in the middle (shown in light brown/gray)
was etched with oxygen plasma out of the original graphene
flake (dark gray). The cobalt electrodes 1-10 of varying widths
(90 to 800 nm) and spacings (1 to 3.3 µm) and a Ti/Au align-
ment marker (bright square) are also visible.

spin vs. charge diffusion*

*C. Józsa, T. Maassen et al., in preparation
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singularity at
charge neutrality point!
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spin vs. charge diffusion

In reality, DOS broadened:
• temperature (300K)
• e-h puddles
• scattering

use Gaussian
broadening σ 

J. Martin et al. Nature Physics 2008
X. Du et al. Nature Nanotechnology 2008
Y.W. Tan et al. Phys. Rev. Lett. 2007

electron-hole puddles at the charge neutrality point
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In reality, DOS broadened:
• temperature (300K)
• e-h puddles
• scattering

use Gaussian
broadening σ 
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electron-hole puddles at the charge neutrality point
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spin vs. charge diffusion

In reality, DOS broadened:
• temperature (300K)
• e-h puddles
• scattering

use Gaussian
broadening σ 
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electron-hole puddles at the charge neutrality point
FWHM=2√(2ln2) σ = 180 meV

!"#$ % &
'()*

+ ,-./0
"102$3
453

6

06
7"-$!

%. &
'()*

+ ,-./0
"102$3
453 .

6

06

898:;-;
()<4 ....=>/?/.< % @AB!

%.'() 898:
C>DBE

4*
.F +,-./0

"102$3
453 .;-;

G

06
.H..+ ,-./0

"102$3
453 .;-;

6

G
I!

% .J. K+ ,-./0
"1L2$3
453 ..-.. H...

6

G
+ ,-./0

"102$3
453 ..-.

6

G
M ....=>/?/.J % .'() 898:

C>DBE
4*

!

NO=.,/PQN/.R % .- H #.SN,.T % .- U #.VO.!"#$.W/XOY/VZ!

% .J. K+ ,R./0
[3
453.."R U #$ ..H...

6

2
+ ,T./0

\3
453.."T H #$.

6

02
M!

% .J. F]+ ,R./0
[3
453.."R U #$

6

G
..U ..+ ,R./0

[3
453.."R U #$

2

G
^ ..

H ... ]+ ,T./0
\3
453.."T H #$

6

G
..H ... + ,T./0

\3
453.."T H #$

G

02
^I!

% .J. F]+ _,R./0
[3
453.."R U #$H.,T./0

\3
453.."T H #$`

6

G
..U ..+ ,R./0

[3
453.."R U #$

2

G
^ ..

H .. + ,T./0
\3
453.."T H #$

G

02
I!

% .J. F(+ ,R./0
[3
453..R... U...

6

G
+ ,R./0

[3
453.."R U #$.

2

G
..H ... + ,R./0

[3
453.."R H #$.

G

02
I!

NO=.a/b.Rc % .URd VO.b>Sb!

e ,R./0
f3
3g3.."R H #$ .% ..Ue ,Rc./0

"hfc$3
3g3 .."URc H #$G

2
G
02 .% .U.e ,Rc./0

fc3
3g3.."Rc U #$2

G !!

b>iV....!"#$ % .J. F(+ ,R./0
[3
453..R... U...

6

G
(+ ,R./0

[3
453...R.

2

G
..H ...(# + ,R./0

[3
453..

2

G
I!

iVQN8.+ ,j./0k3l3.j. % &
(S4 ....SN,...R

m % R4
(*4 ....VO....,R

m % R
*4 ,R...8QD/VZ.

6

G
!

an ignorant 
experimentalist, 
i know...

44



spin vs. charge diffusion
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diffusion length and mobility?*

linear scaling:
fingerprint of 

Elliott-Yafet type 
impurity scattering

λs = √Dτs
D ~ τd

3

−→µ :

∂−→µ
∂t

= Ds∇2−→µ −
−→µ
τs

+
gµB

!
−→
B ×−→µ (3)

where the first term on the right hand side describes the
spin diffusion, the second term the spin relaxation and
the last one the precession, with an effective Landé factor
g = 2 and the Bohr magneton µB .

A set of precession measurements was done for differ-
ent charge carrier densities; the resulting transport pa-
rameters Ds and τs are plotted in Fig. 2c) and d). The
formula λs =

√
Dsτs was used to calculate the spin dif-

fusion length (spin relaxation length) as well, plotted in
panel e) of Fig. 2. Examining figure 2, we see that D,
tau, lambda have the same tendency as the spin signal.
This is consistent since Friso formula, then extension of
the theory with Mihai’s model/ref to his PRB and say R
is 12x10-6 m thus Mihai = approx Friso.

Let us focus now on the diffusion of charge versus spin.
As visible in Fig.2c, in the high density case the values
are practically identical for spin and charge. This is a
striking observation, since the two physical entities, Dc
and Ds, are determined from completely different type of
experiments.

However, in the low carrier density range formula 1
for diff const gives unphysical values and ends up in a
singularity at the exact Dirac point. This of course comes
from the unrealistic nature of zero carrier density. In fact
DOS is broadened: thermal broadening 26meV + some
due to puddles. Ref to articles.

Add Gaussian, show idea of formulae+result. Show
Thomas-curve as fig. 3 together with Dspin and Dun-
broadened. Great agreement at the Dirac region as well.
Gives broadening of 180 meV = density of xx. Agrees
with Hall measurements on the same sample with respect
to the density range where the Rh starts to deviate from
the 1/ne behavior(i.e. Dirac regime, puddles play a role).
[Metallic range defined from Hall experiments: xx volts
Vg / corresponding to density of xx, where Rh=1/ne.] .
Broadening compared to literature values - OK, especially
since we have lower mobility samples.

Important: No Coulomb spin drag is detected at
this level thus electron-electron interactions are relatively
weak. This is in agreement with recent findings of XXX
eva andrei people, etcetera XXX reference XXX. Scat-
tering of spins is on impurities. This indicates a possi-
ble increase of spin lifetime in increased quality samples
(lower res, higher carr mobility, higher Dcharge should
drag with it higher lambda sf.)

Finally, linear tau sf vs. D spin (fig. 4) indicates the
same: if we improve carrier transport i.e. increase mu,
increase D, we should obtain much longer spin lifetimes
as well, in total much longer spin relax lengths. Elliott-
Yafet, D vs. tau momentum, see also Niko’s PRL. Dif-
ferent substrates; free hanging graphene, cleaner environ-
ment/processing.

[If space available: Heating experiments. Trying to im-
prove mob., similar behavior of D, tau, lambda vs. Vg -

FIG. 3: (Color online.) Spin diffusion constant vs. charge
diffusion constant with the simple linear DOS and the broad-
ened version, using a Gaussian broadening of 180 meV.

FIG. 4: (Color online.) Linear relationship between the spin
relaxation length and the spin diffusion constant, extracted
from Fig. 2 panels c) and e).

BUT damages the contacts.]

Rnl = ±P 2Rsλs

2Wg
exp(−Lsv/λs), (4)

where the non-local resistance Rnl is given by the mea-
surements, λs & 2µm is the spin diffusion length in
graphene [3], Wg = 500nm is the width of the graphene
channel and Lsv is the injector-detector distance (F3 to
F2 and F4 to F2, respectively). For our case, the spin
polarization this formula yields is 18%.

This work was financed by the Zernike Institute for
Advanced Materials, NanoNed, NWO and FOM.

*C. Józsa, T. Maassen et al., in preparation
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diffusion length and mobility?*

linear scaling:
fingerprint of 

Elliott-Yafet type 
impurity scattering

λs = √Dτs
D ~ τd

for higher mobilities:
λs -> 100 μm

at RT

3

−→µ :

∂−→µ
∂t

= Ds∇2−→µ −
−→µ
τs

+
gµB

!
−→
B ×−→µ (3)

where the first term on the right hand side describes the
spin diffusion, the second term the spin relaxation and
the last one the precession, with an effective Landé factor
g = 2 and the Bohr magneton µB .

A set of precession measurements was done for differ-
ent charge carrier densities; the resulting transport pa-
rameters Ds and τs are plotted in Fig. 2c) and d). The
formula λs =

√
Dsτs was used to calculate the spin dif-

fusion length (spin relaxation length) as well, plotted in
panel e) of Fig. 2. Examining figure 2, we see that D,
tau, lambda have the same tendency as the spin signal.
This is consistent since Friso formula, then extension of
the theory with Mihai’s model/ref to his PRB and say R
is 12x10-6 m thus Mihai = approx Friso.

Let us focus now on the diffusion of charge versus spin.
As visible in Fig.2c, in the high density case the values
are practically identical for spin and charge. This is a
striking observation, since the two physical entities, Dc
and Ds, are determined from completely different type of
experiments.

However, in the low carrier density range formula 1
for diff const gives unphysical values and ends up in a
singularity at the exact Dirac point. This of course comes
from the unrealistic nature of zero carrier density. In fact
DOS is broadened: thermal broadening 26meV + some
due to puddles. Ref to articles.

Add Gaussian, show idea of formulae+result. Show
Thomas-curve as fig. 3 together with Dspin and Dun-
broadened. Great agreement at the Dirac region as well.
Gives broadening of 180 meV = density of xx. Agrees
with Hall measurements on the same sample with respect
to the density range where the Rh starts to deviate from
the 1/ne behavior(i.e. Dirac regime, puddles play a role).
[Metallic range defined from Hall experiments: xx volts
Vg / corresponding to density of xx, where Rh=1/ne.] .
Broadening compared to literature values - OK, especially
since we have lower mobility samples.

Important: No Coulomb spin drag is detected at
this level thus electron-electron interactions are relatively
weak. This is in agreement with recent findings of XXX
eva andrei people, etcetera XXX reference XXX. Scat-
tering of spins is on impurities. This indicates a possi-
ble increase of spin lifetime in increased quality samples
(lower res, higher carr mobility, higher Dcharge should
drag with it higher lambda sf.)

Finally, linear tau sf vs. D spin (fig. 4) indicates the
same: if we improve carrier transport i.e. increase mu,
increase D, we should obtain much longer spin lifetimes
as well, in total much longer spin relax lengths. Elliott-
Yafet, D vs. tau momentum, see also Niko’s PRL. Dif-
ferent substrates; free hanging graphene, cleaner environ-
ment/processing.

[If space available: Heating experiments. Trying to im-
prove mob., similar behavior of D, tau, lambda vs. Vg -

FIG. 3: (Color online.) Spin diffusion constant vs. charge
diffusion constant with the simple linear DOS and the broad-
ened version, using a Gaussian broadening of 180 meV.

FIG. 4: (Color online.) Linear relationship between the spin
relaxation length and the spin diffusion constant, extracted
from Fig. 2 panels c) and e).

BUT damages the contacts.]

Rnl = ±P 2Rsλs

2Wg
exp(−Lsv/λs), (4)

where the non-local resistance Rnl is given by the mea-
surements, λs & 2µm is the spin diffusion length in
graphene [3], Wg = 500nm is the width of the graphene
channel and Lsv is the injector-detector distance (F3 to
F2 and F4 to F2, respectively). For our case, the spin
polarization this formula yields is 18%.

This work was financed by the Zernike Institute for
Advanced Materials, NanoNed, NWO and FOM.

*C. Józsa, T. Maassen et al., in preparation
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diffusion length and mobility?

µ ≈ 200 000 cm2/Vs
as measured by
K.I. Bolotin, P. Kim et al.

Suspended 
graphene?

Does λs 

increase?

Our first suspended (multi)layer; A. Veligura et al.
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diffusion length and mobility?

µ ≈ 200 000 cm2/Vs
as measured by
K.I. Bolotin, P. Kim et al.

Suspended 
graphene?

Does λs 

increase?

Our first suspended (multi)layer; A. Veligura et al.

To be continued...
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one more thing on relaxation
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  Charge diffusion constant:
  D= ½ vF l = 2.5x10-2

         - similar to Dspin

  Relaxation:
  100x faster than expected
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one more thing on relaxation
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  Charge diffusion constant:
  D= ½ vF l = 2.5x10-2

         - similar to Dspin

  Relaxation:
  100x faster than expected

What happens if the spin imbalance is orthogonal to the graphene 
plane?
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relaxation anisotropy*

*N. Tombros, C. Józsa et al., Phys. Rev. Lett., 101, 046601 (2008)

further increase 
magnetic field
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relaxation anisotropy*

small field, Bex < 0.5T large field, Bex > 0.5T

*N. Tombros, C. Józsa et al., Phys. Rev. Lett., 101, 046601 (2008)

SO fields: 
predominantly 

in-plane

Again:
Elliott-Yafet
is important

τ⊥ ≈ 0.8 τ||

further increase 
magnetic field
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compared to metals

small field, Bex < 0.5T large field, Bex > 0.5T

same geometry
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compared to metals

small field, Bex < 0.5T large field, Bex > 0.5T
τ⊥ ≈ τ||

Jedema et al., 
Nature  (2002)

same geometry

spin relaxation 
is isotropic in 

Al films!
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carrier drift to 
control spin transport

Spin drift effects in n-GaAs: X. Lou et al., 
Phys. Rev. Lett. 96, 176603 (2006)
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drift-diffusion under an e field?

= spin diffusion length, symmetric in x 

= “spin drift length” , asymmetric due to vD = µE

• Solution along x:

where   = up / downstream 
spin transport length;

• Yu-Flatté for spin imbalance (degenerate SC):

Z.G. Yu and M.E. Flatté,
Phys. Rev. B 66, R 201202 (2002)
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drift geometry
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drift geometry, n-type

P

x (spin carried by electrons)
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drift geometry, n-type

injectiont = t0P

x (spin carried by electrons)
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drift geometry, n-type

injectiont = t0P

x (spin carried by electrons)

t = t1 diffusion + drift
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drift geometry, n-type

injectiont = t0P

x (spin carried by electrons)

t = t1 diffusion + drift

t = t2
   relaxation
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drift geometry, P-type

P

x (spin carried by holes)
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drift geometry, P-type

injectiont = t0P

x (spin carried by holes)
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drift geometry, P-type

injectiont = t0P

x (spin carried by holes)

t = t1 diffusion + drift
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drift geometry, P-type

injectiont = t0P

x (spin carried by holes)

t = t1 diffusion + drift

t = t2

   relaxation
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iDC = 0

iDC = +20 μA

iDC = +40 μA

iDC = -20 μA

iDC = -40 μA4
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spin drift measurements*

*C. Józsa, M. Popinciuc et 
al., PRL 100, 236603 (2008)
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comparison with the yu-flattÉ model*
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comparison with the yu-flattÉ model*
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comparison with the yu-flattÉ model*
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[should be flat]
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drift and carrier mobility

Spin valve signal: ±50%

spin “diffusion” length: >200%

Can we get more?
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drift and carrier mobility

Spin valve signal: ±50%

spin “diffusion” length: >200%

Can we get more?
vD = µE;
µ ≈ 5500 cm2/Vs
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drift and carrier mobility

Spin valve signal: ±50%

spin “diffusion” length: >200%

Can we get more?
vD = µE;
µ ≈ 5500 cm2/Vs

heat treatment:
150oC, 10-5 mbar
µ ≈ 35000 cm2/Vs -4 0 4 8 12
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A. Veligura, C. Józsa 
et al., in preparation
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how to combat the
impedance mismatch?

DC biasing effects on spin detection in Fe/GaAs junctions:
S.A. Crooker et al., arXiv: 0809.1120v1 (2008) 
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DC bias on AC spin injectors

VAC
+-

IAC+DC

Vg

F1 F2 F3 F4 F5

Co
Al2O3

Graphene
SiO2

Si(n++)
Au

cross section:
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a very “bad” barrier

SEM images:
Al2O3 No Al2O3
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spin valve & dc bias - measurements*
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FIG. 2: Non-local spin valve measurements at the DC current
biases -5, -2.5 , 0, 2.5 and 5 µA [panels (i) to (v)], for contact
scheme A (left column) and B (right column). In scheme B,
contact 20 is not part of the circuit, therefore its magnetic
switching at 75 mT does not contribute to the spin valve
signal.
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Simulation results here.

FIG. 3: The resistance steps associated with the switching
of electrodes 23,2 and 20 in the schemes A and B, plotted in
function of the applied DC current bias: (a) as extracted from
the curves on Fig. 2; (b) simulated with the drift model. The
values are directly related to the injection efficiencies of the
contacts 2 and 20 (see text).

electrode. However, electrodes 19 (the (-) voltage probe)
and 18 (the (-) current injector in scheme B) were at
a distance greater than the spin diffusion length, there-
fore their contribution to the measured resistivity was too
weak or totally absent in the plotted data. This design
greatly simplifies the interpretation of spin valve data.

[Yu and Flatte ([12])talk about the efficiency change in
this configuration. There’s a ref. to experimental work
on this, in semiconductors, too!see (NatPhys, [13]]

µ =0.25 m2/Vs.
************************************
A strong DC bias can dramatically influence the spin

injection efficiency of the electrodes [12, 13] making it im-
possible to separate the drift effect contribution. Exper-
imentally, the drift will manifest itself as an asymmetric
distribution of the spin imbalance on the two sides of the
spin injection point F4 (and F5), in addition to the sym-
metric diffusion process. Between F3 and F5 thus, where
the field E is active, a favored direction of the spin trans-
port will be defined by the electric field’s polarity and

the carrier type (electrons or holes). Such a device with
fixed-distance injector/detector electrodes will therefore
show a variable spin signal dependent on the DC electric
field.

In Fig. 2 we present room temperature spin valve mea-
surements for several DC currents (applied between F3
and F5) at three gate voltages: -20 V (hole conduction),
+9 V (the Dirac neutrality point) and +38 V (electron
conduction). The upper limit of the electric fields was
set by the current densities allowed to pass through the
tunnel barriers without damaging them[15]. Before each
measurement, the magnetic field is ramped up to 300 mT
to saturate the magnetization of the contact electrodes.
The DC currents used were ±40, ±20 and 0 µA and their
corresponding electric fields were ±68 kV/m, ±34 kV/m
for Vg=-20 and +38 V and ±206 kV/m, ±103 kV/m for
Vg=+9 V. Similar measurements, done on a set of sam-
ples with different geometry and/or contact resistances,
support the data we present and discuss here.

The change in the injection efficiency of the electrode
F5 (common ground for the DC and AC currents) for dif-
ferent DC fields appears in the spin valve measurements
as an increased/decreased contribution of this electrode
to the device non-local resistance. This can be seen in
Fig. 2 where, for the measurements performed at +38 V
gate voltage, the resistance step at approximately -30 mT
(corresponding to the magnetic switch of electrode F5)
does show a dependence on the DC electric field. How-
ever, this electrode is positioned far from the AC detec-
tion circuit, and we can minimize its effect by defining
the ”spin signal” RSV as the resistance step between the
parallel and antiparallel magnetic state of the two central
electrodes F2 and F4 (see Fig. ??). Therefore, the DC
field dependence of RSV indicates the presence of carrier
drift as explained below.

At -20 V gate voltage (left column of graphs in Fig. 2),
we are in the high density hole conduction regime with
a carrier concentration of nh ! 3.5 × 1016 m−2 yielding
a graphene resistivity Rsquare ! 1.5 kΩ. The non-local
spin signal RSV reads 1 Ω when no DC field is present
(graph c). Applying a DC field of +34 kV/m (graph d)
and +68 kV/m (graph e) decreases the spin valve signal
to 0.7 Ω and 0.45 Ω respectively, indicating spin drift
in the region F3-F5 that counteracts the symmetric spin
diffusion. This transport is labeled as ”upstream” since,
in order to detect a spin valve signal at electrodes F2
and F1, the spins need to travel against the action of the
carrier drift. Now, if the DC electric fields’ polarity is
reversed, i.e. we apply a field of -34 kV/m (graph b) and
-68 kV/m (graph a), the resulting drift facilitates spin
transport towards the detectors (”downstream” trans-
port) and the measured spin valve signal increases to 1.3
and 1.5 Ω respectively.

In the case of electron conduction, the drift effect re-
verses, because the electric field - charge carrier interac-
tion is opposite, as seen in the set of curves measured
at Vg=+38 V (right column in Fig .2). This voltage
was selected to give approximately the same parameters

F2 F4
0 μA

+2.5 μA

+5 μA

 -2.5 μA

iDC = -5 μA

*C. Józsa et al., PRB 79, 081402(R) (2009)
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graphene p-n junction:
spin amplification device?

65



spin amplification device*

n-type p-type

µsource
0

µsource

L < λsf

*C. Józsa, 
S.M. Watts & B.J. van Wees, in preparation66



spin amplification device*

n-type p-type

µsource
0

µsource

L < λsf

E

isis
is = 0
ic ≠ 0 *C. Józsa, 

S.M. Watts & B.J. van Wees, in preparation
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spin amplification device: top gate?

Our first top-gated SV device; T. Maassen et al.

67



spin amplification device: top gate?

Our first top-gated SV device; T. Maassen et al.

To be continued...
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Summary

Spin vs. charge diffusion, relaxation anisotropy:

No sign of spin Coulomb drag - weak e-e interactions;

τs ≤ 200 ps, due to Elliott-Yafet;

higher μ (cleaner+suspended graphene) -> λs ≈ 100 μm at RT.

Control on spin injection+transport:

Carrier drift enhances transport/injection; signals ≈ 100 Ω.

Spin amplification device:

spin imbalance enhanced by drift in a p-n junction;

plenty of questions at the neutrality point.
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the place
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Thank you.

http://nanodevices.fmns.rug.nlc.jozsa@rug.nl
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