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THE NEXT 45 MINUTES:

Intreduecton—eraphene 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







GOOGLE SAVYS:

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




GOOGLE SAVYS:

graphene: “about 592.000” hits

carbon nanotube: 834.000

BUT
of all these,

graphite: 16.800.000 graphene is the youngest!
(and very much alive)

fullerene: 1.920.000

diamond: 182.000.000

Michael Jackson: 254.000.000
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BEST THING SINCE SLICED BREAD?
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GRAPHENE BANDSTRUCTURE

» electron states

—> Dirac neutrality points

> hole states

Dispersion relation:

JZE Ky a) cos (15 ky a) + 4 cos® (15 Ky a)
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GATE VOLTAGE DEPENDENCE

4-terminal electrical measurement
of graphene resistance:

16
hole electron

conductance

-
N

Einstein relation:

o(E) = v(E) €2 D(E)

Dirac
neutrality

Rgraphene (k)

1 ] 1 I
-40 -20 0
Vg V)

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

Theory predicted (“folklore”?):

Weak spin-orbit + hyperfine interactions
Long spin relaxation T1 and dephasing T> times (5-50 ns)

—> spin qubit, quantum computation?

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

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

robust, thin (=high integration density)




SPIN INJECTION / TRANSPORT LITERATURE

Theor Yy of SO in gT aphenei D. Huertas-Hernando et al., PR B74 (2006)
Trauzettel et al., Nat. Phys. 3 (2007) M. Gmitra et al., cond-mat/0904.3315
C.L. Kane and E.J. Mele, PRL 95 (2005) C. Ertler et al., cond-mat/0905.0424

Y. Yao et al., cond-mat/0606.3503 Honki Min et al., PR B 74 (2006)

Experimentally: electrically, through FM contacts:
E.W. Hill et al., IEEE Trans. Magn. 42 (10), 2694 (2006)
N. Tombros, C. J6zsa 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)
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SPIN INJECTION / TRANSPORT LITERATURE

Theor Yy of SO in gT aphenei D. Huertas-Hernando et al., PR B74 (2006)
Trauzettel et al., Nat. Phys. 3 (2007) M. Gmitra et al., cond-mat/0904.3315
C.L. Kane and E.J. Mele, PRL 95 (2005) C. Ertler et al., cond-mat/0905.0424

Y. Yao et al., cond-mat/0606.3503 Honki Min et al., PR B 74 (2006)

Experimentally: electrically, through FM contacts:
E.W. Hill et al., IEEE Trans. Magn. 42 (10), 2694 (2006)
N. Tombros, C. J6zsa et al., Nature 448, 571 (2007)
S. Cho et al.,, Appl. Phys. Lett. 91, 123105 (2007) and more ...
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)
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ABOUT §PIN RELAXATION

i: Elliott-Yafet:
spin flip induced by scattering;
2 I o e |

ii: D"yakonov-Perel:
spin precession around fluctuating
effective magnetic field;
T LIt

iii: hyperfine:
interaction with nuclear spin;
170 7C




SPIN INJECTION: THE BASIC PICTURE

N+ (E) N, (E)

NM




SPIN INJECTION: THE BASIC PICTURE

N+ (E) N, (E)

o NM




SPIN DETECTION: LATERAL SPIN VALV

FM1 2> FM2

“Parallel”

resistance R

magnetic field B
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SPIN DETECTION: LATERAL SPIN VALV

FM1 2> FM2 LW
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SPIN DETECTION: LATERAL SPIN VALV

W | W4

“Parallel” “Antiparallel” “Parallel”
P

resistance R

magnetic field B

1



NON-LOCAL 4-TERMINAL §PIN VALVE

versus




NON-LOCAL 4-TERMINAL §PIN VALVE

versus

Injection




NON-LOCAL 4-TERMINAL §PIN VALVE

versus

injection

+
diffusion




NON-LOCAL 4-TERMINAL §PIN VALVE

spin
versus
charge

injection

-+

diffusion
+

relaxation




ELECTROCHEMICAL POTENTIAL

FM1 FM2 FM3  FM4
t i t t

r spin up 23
%
i i spin down =

Rnon-local




ELECTROCHEMICAL POTENTIAL

FM1 FM2 FM3  7WA4
t t t v

r spin u

spin down

Rnon-local




ELECTROCHEMICAL POTENTIAL

| W4 FM2 FM3 VW4

v t t v

r spin u

spin down

Rnon-local




ELECTROCHEMICAL POTENTIAL

| W4 CW FM3 VW4

v v t v

r spin u

spin down

Rnon-local




ELECTROCHEMICAL POTENTIAL

| W4 CW EW VW4

v v v

- spin down

spin up

Rnon-local




ELECTROCHEMICAL POTENTIAL

| W4 CW EW VW4

v v v

spin down
+

spin up =

P\
sf =7
— == cX
non—-local WS p( ASf)
B

Rnon-local




ELECTROCHEMICAL POTENTIAL
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THE SCOTCH TAPE METHOD




GRAPHENE SPIN VALVE DEVICE

Graphene flakes: localization (optical + AFM)
Ti/Au (40nm) markers

Si(n++) / SiO2 (300 nm)substrate
Ti/Au (100 nm) gate electrode
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GRAPHENE SPIN VALVE DEVICE

Electron beam lithography + Lift-off: Co contacts

TR - . = -




GRAPHENE SPIN VALVE DEVICE

!

Si0, (500)
Si(n™)

And ready to be measured

A___AIO, (0.8)

———Au (100)




A SUITABLE GRAPHENE FLAKE
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microscope

Image




COBALT CONTACTS ON THE FLAKE

optical
microscope
Image




COBALT CONTACTS ON THE FLAKE
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HOPG SAMPLES, AFM IMAGING

M4

Step height
0.290 nm

MEASURE




HOPG SAMPLES, AFM TMAGING

before...




SAME SAMPLE, SEM TMAGE

SEI 0.0kV  X7,500 Tum WD 10.2mm
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KUSH SAMPLES, OPTICAL IMAGING




SAME SAMPLE, SENM IMAGING

250KV  X4300 1um WD 9.8mm
3D




SAMPLE OVERVIEW, SENM IMAGING

SE| X55  100um WD 9.2mm
33




SHAPE CONTROL: PLASMA €TCHING

artificially

coloured
SEM

Image




CONTROL: PLASMA €TCHING

dirty, but
it works

20.0kY  X8,000 Tum WD 8.8mm
55
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4-TERMINAL SPIN VALVE MEASUREMENT
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N. Tombros, C.J. et al., Nature 448, 571-574 (2007)

Determining spin transport
parameters: length dependence?

e
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4-TERMINAL SPIN VALVE MEASUREMENT

diffusion over 6pum
sign reversal

low noise

Rnon-local (Q)

T=300K !

old measurement!

-200 -150 -100 - 100 150 200

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

Determining spin transport Pl
parameters: length dependence? "% 2o s

e




HANLE PRECESSION

Spin precession
under external
magnetic field




HANLE PRECESSION

Spin precession
under external
magnetic field

spin signal
depends on:

e B strength

e SV length

* spin flip time

e diffusion const
® spin injection




HANLE PRECESSION

3 Vg = -25V (holes)

D = 0.025 m2/s :0.0002
tg =150 ps: 1.4

lgf = 1.93 um
Lgy = 3.1 um

Bloch equation for

L opa by (% B’xﬁ)

4,

spin accumulation:




HANLE PRECESSION

3 Vg = -25V (holes)

Charge diffusion constant:
D= 12 v | = 2.5x102
- similar to Dspin

D = 0.025 m2/s :0.0002
tg =150 ps: 1.4

lgf = 1.93 um
Lgy = 3.1 um

Bloch equation for a,u DR ii- E (QIJB
7 13

Téxﬁ)

spin accumulation:

4,



HANLE PRECESSION

3 Vg = -25V (holes)

Charge diffusion constant:
D= 12 v | = 2.5x102
- similar to Dspin

D = 0.025 m?/s = 0.0002
t = 150 ps: 1.4 ——3 Relaxation:

5f = 1.93 um 100x faster than expected
Lgy = 3.1 um

G T T R A e, IR el Vel AL ) o i PR A 0 ] i
-04 -03 -0,2 -0,1 0,0 0,1 0,2 0,3 0,4

B,(T)

Bloch equation for a,u DR ii- E (QIJB
7 13

Tgxﬁ)

spin accumulation:

4,



HANLE PRECESSION

3 Vg = -25V (holes)

Charge diffusion constant:
D= "2 v¢ | = 2.5x10~
- similar to Dspin

D = 0.025 m?/s = 0.0002
t = 150 ps: 1.4 ——3 Relaxation:

sf = 1.93 um 100x faster than expected
Ley = 3.1 um

Ll LI 1 I LI r ] —I ry I 1
-0,4 -0,3 -0,2 -0,1 0,0 0,1 0,2

B,(T)

Bloch equation for al.l _pDV2 [ ii - 7 ( 9HUB
7z T

%8 Bx )

spin accumulation:

4,



SPIN V§. CHARCGE DIFFUSION

Vg = +9V (Dirac point)

D = 0.014 m%/s +0.0003
ts=77ps +1.0

g = 1.05 um
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SPIN VS§. CHARGE DIFFUSION*

spin and charge:
similar diffusion
no
spin
Coulomb
drag
-> e-e Interactions
too weak!

D charge
D spin

*®

D, 1, \; the same

trend vs. Vg

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




SPIN VS§. CHARGE DIFFUSION*

A PR BPEATE B o] ET el B,
"X\ Dirac neutrality point

from spin valve
from precession

| si(n++)/
1 B | el Si O 2

(3]
N’

L]

Q
~

]

D, 1, \; the same

trend vs. Vg

(©))
o

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




SPIN V§. CHARCGE DIFFUSION

1
7 ezv (EF) quuare (V )

g

D

v(E,):DOSatE;
R uare (V) s TESIStIVILY

singularity at
charge neutrality point!




SPIN V§. CHARCGE DIFFUSION

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

® scattering

electron-hole puddles at the charge neutrality point

use Gaussian

broadening o

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




SPIN V§. CHARCGE DIFFUSION

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

® scattering

electron-hole puddles at the charge neutrality point

an ignorant
experimentalist,
1 know...

use Gaussian

broadening o

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




SPIN V§. CHARCGE DIFFUSION

In reality, DOS broadened:

® temperature (300K) 5 FWHM=2v(2In2) & = 180 meV
® e-h puddles

® scattering

et
on
T

an ignorant
experimentalist,
1 know...

~J
T

DOS [m2 eV ]
o

—
T

use Gaussian
broadening o

—
n
T




SPIN V§. CHARCGE DIFFUSION

broadened DOS

unbroadened




SPIN V§. CHARCGE DIFFUSION

broadened DOS

| _ 29s9yTE
¢ Spin diffusion T 2
—charge diffusion (hvf )
—t_:harge diffusion, DOS broadend

unbroadened

very good agreement
from 2 ditferent
approaches

no Coulomb drag!
relaxation:
on impurities




DIFFUSION LENGTH AND MOBILITY?*

2,4

linear scaling:
_ : fingerprint of
2,0 Elliott-Yafet type

2,2

impurity scattering
g ] As = VD1s
1,6 D~14

1,4

1,8

1,2
o holes

10 * electrons _
i Linear fit
0,8 -
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

0,012 0,016 0,020 0,024 0,028 0,032 0,036

D_(m’/s)

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




DIFFUSION LENGTH AND MOBILITY?*

2,4

2,2

2,0

1,8

1,6

1,4

1,2

1,0

0,8

o holes
e electrons |
Linear fit

0,012 0,016 0,020 0,024 0,028

D_(m’/s)

0,032 0,036

linear scaling:
fingerprint of
Elliott-Yafet type
impurity scattering
As = VDrs
D~ 14

for higher mobilities:
As -=> 100 pm
at RT

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




DIFFUSION LENGTH AND MOBILITY?

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

Suspended
graphene?

u ~ 200 000 cm

as measured by
K.I. Bolotin, P. Kim et al.

Does A,
Increase?

SEl  150kV X40,000 100nm WD 28.1mm




DIFFUSION LENGTH AND MOBILITY?

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

Suspended
graphene?

u ~ 200 000 cm

as measured by
K.I. Bolotin, P. Kim et al.

Does A,
Increase?

T0 BE COMl

NONE SEI 15.0kY X40,000 100nm WD 28.1mm




ONE MORE THING ON RELAXATION

3 Vg = -25V (holes)

Charge diffusion constant:
D=2 v¢ | = 2.5x10~
- similar to Dspin

D = 0.025 m2/s :0.0002 )
t = 150 ps: 1.4 ——3 Relaxation:

sf = 1.93 um 100x faster than expected

Ly = 3.1 um

I : | . T | : R | A I | o i
-0,4 -0,3 -0,2 -0,1 0,0 0,1 0,2 0,3 0,4

B,(T)




ONE MORE THING ON RELAXATION

3 Vg = -25V (holes)

Charge diffusion constant:
=12 ve | = 2.5x10~

- similar to Dspin

D = 0.025 m2/s :0.0002 i
tg = 150 pss 1.4 £ Relaxation:

sf = 1.93 um 100x faster than expected

Ly = 3.1 um

DAL R 0D T 0 005 0 g 00(% 5084 504
B,(T)

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

48



RELAXATION ANISOTROPY*

further increase
magnetic field

R=1.2x10"°
D =0.032 m’s™

1.0
B (T)
*N. Tombros, C. Jozsa et al., Phys. Rev. Lett., 101, 046601 (2008)




RELAXATION ANISOTROPY*

further increase
magnetic field

X

T, = 0.8 T||
small field, B, < 0.5T

| 1 ' ' SO fields:

h L=5um ] -
) V=60V ' ' | predominantly
g T A

1 ;
in-plane
R =1.2x10" ] :
D=0.032m’s" Salt ] Again:
| . . Elliott-Yafet
Is important

1.0
B (T)
*N. Tombros, C. Jozsa et al., Phys. Rev. Lett., 101, 046601 (2008)




COMPARED TO METALS

same geometry

2030
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COMPARED TO METALS

same geometry

TL=T

Jedema et al,,

Nature (2002)

spin relaxation
Is Isotropic in

Al films!
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Spin drift effects in n-GaAs: X. Lou et al,,
Phys. Rev. Lett. 96, 176603 (2006)




DEIEEDIEEUSION UNDER AN-C FEIelLD?

* Yu-Flatte for spin imbalance (degenerate SC):

—>

O H T AL Z.G. Yu and M.E. Flatte,
DV M= -Vp V,Ll Phys. Rev. B 66, R 201202 (2002)

e Solution along x: p(x)= A eXp(/\LJ,) r e exp( /\L)

1 I 1 1 1
where s— =+ 55—+ +—= + —>
& 2 D g

12 = up / downstream
Ao A

spin transport length;

As = DT = spin diffusion length, symmetric in x

= “spin drift length”, asymmetric due to vp = pE

e



DRIFT GEOMETRY




DRIFT GEOMETRY, N-TYPE

Si0, (500) 3 - X AlO, (0.8)

S1(n™) ~—Au (100)

+ P

(spin carried by electrons)
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DRIFT GEOMETRY, N-TYPE

Si0, (500) | X___AlO, (0.8)
Si(n) —Au (100)

injection

+ P

(spin carried by electrons)
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DRIFT GEOMETRY, N-TYPE

Si0, (500) | E X AIO, (0.8)
Si(n™) —Au (100)

injection
A P ‘
t=t, diffusion + drift

(spin carried by electrons)
54




7

Si0, (500)
Si(n™)

DRIFT GEOMETRY, N-TYPE

X___AlO, (0.8)
—Au (100)

injection
J
t=t: diffusion + drift

=t J

relaxation

(spin carried by electrons)
54



DRIFT GEOMETRY, P-TYPE

EansssnnnrE
z a4

LI,
et

Si0, (500) % i R AIO, (0.8)

S1(n™) ~—Au (100)

4 P

(spin carried by holes)

5




DRIFT GEOMETRY, P-TYPE

Si0, (500) 3 - X AlO, (0.8)

S1(n™) ~—Au (100)

injection

+ P

(spin carried by holes)

5




/

Si0, (500)
Si(n™)

+ P

DRIFT GEOMETRY, P-TYPE

::mzm &Mﬁf

s e Ay SEL%
i x‘zli";xl- s x§ ‘xﬁ;‘xx‘f,;* s fios
SRR S P R e

X___AlO, (0.8)
——Au (100)

injection
J
diffusion + drift

l . t=t1

(spin carried by holes)

5



/

Si0, (500)
Si(n™)

+ P

DRIFT GEOMETRY, P-TYPE

~——Au (100)

injection

: - t =t diffusion + drift
: t= ti 1

relaxation
(spin carried by holes)

5



SPIN DRIFT MEASUREMENTS™

)

Q

S
©
(&)
A
c

o

(=

R

90 -60 -30 -90 -60 -30 -90 -60 -30 O
B(mT)

*C. Jozsa, M. Popinciuc et
al., PRL 100, 236603 (2008)




COMPARISON WITH THE YU-FLATTE MODEL*




COMPARISON WITH THE YU-FLATTE MODEL*




COMPARISON WITH THE YU-FLATTE MODEL*

Vg =-20V

* *
Vg =+9V ®
[should be flat]




DRIFT AND CARRKIER MOBILITY

Spin valve signal: +50%

spin “diffusion” length: >200%

Can we get more?




DRIFT AND CARRKIER MOBILITY

Spin valve signal: +50%

spin “diffusion” length: >200%

Can we get more?

Vp = uk;
u = 5500 cm?2/Vs




DRIFT AND CARKIER MOBILITY

Spin valve signal: +50%
spin “diffusion” length: >200%

Can Wwe gEt mOI'E? 50000 - 2 \ A. Veligura, C. J6zsa -

i‘ et al., in preparation |

Vp = ME, 40000:-
W = 5500 Cm?‘/VS 30000 |

O 20000 -

heat treatment:
150°C, 10> mbar |
u = 35000 cm2/Vs ?

10000 [




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




Cross section:
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A VERY “BAD"” BARKIECR

SEM images:

Ll L i
a

SEl 250KV X100,000 100mm  WD98mm SEI  250kV X100,000 100nm WD 9.8mm




SPIN VALVE & DC BIAS - MEASUREMENTS*

— scheme B

_ =5 pA:

SV synal Q)

o -

i3 -2.5uA-:
N

"‘_ 'I E AN
L | L | 1 |
t 1 t 1 t

T
o’
'—I
o
o

SV sijnal (Q)

*C. Jozsa et al., PRB 79, 081402(R) (2009)






SPIN AMPLIFICATION DEVICE™

Wsource -l Wsource
. :

* ;
C. Jozsa,
S.M. Watts & B.J. van Wees, in preparation




SPIN AMPLIFICATION DEVICE™

Wsource
0

n-type

X = Wint/ Wsource

Wsource

* ;
C. Jozsa,
S.M. Watts & B.J. van Wees, in preparation




SPIN AMPLIFICATION DEVICE: TOP GATE?

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




SPIN AMPLIFICATION DEVICE: TOP GATE?

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




SUMMANRY

Spin vs. charge diffusion, relaxation anisotropy:
No sign of spin Coulomb drag - weak e-e interactions;
Ts < 200 ps, due to Elliott-Yafet;
higher p (cleaner+suspended graphene) -> As = 100 pm at RT.
Control on spin injection+transport:
Carrier drift enhances transport/injection; signals = 100 Q.
Spin amplification device:
spin imbalance enhanced by drift in a p-n junction;

plenty of questions at the neutrality point.
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