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Remise en contexte du projet

| Electronic revolutions |

1988

Spintronics

J. Bardeen, W. Shockley, W. Brattain: Nobel - 1956 A. Fert, P. Griinberg: Nobel - 1987

Electron:
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spin

Quantum
electronics

charge

phase




Description des objectifs

ANR . .
AN [ Molecular quantum spintronics ]

Research
Council

* Linking the ideas of three disciplines:
spintronics, molecular electronics, and quantum computing
« Manipulating spins and charges in electronic devices containing
one or more molecules to perform basic quantum operations
L. Bogani & W. Wernsdorfer, Nature Mat. 7, 179 (2008)

Project:

Fabrication, characterization and

i, #» | study of molecular devices
,«fﬁgf w Aj(,c’“ * molecular spin-transistor
s Drm/ » molecular spin-valve and spin filter
o * molecular double-dot devices
2 ri«"'f,ﬁ e carbon nanotube nano-SQUIDs

etc.

direct

indirect
coupling

Nature Mat. 10,502 (2011)
Nature 488, 357 (2012)

Wernsdorfer - MolNanoSpin

coupling




Stratégie suivie

Parlenalroes

Livrables et jalons
CONCermes

Liiche 1 : Synthesis and
Characierizaiion ol
mrolecules, fabrication of
ilevices, characterization of
devices, Instromentation

Tache 1.1 : Synihesis of new F 3
molecular spin clusters and
[umbonahsatwm of SWHNT

Tdche 1.2 : Charactenzation
ot the physical properties of
new spin clusters

1.2, 3

Tiche 1.3 : Deposinon of 1,2
molcenlar nanomag nets to

[ormn devices

Tache 1.4 : Characlenzalion 1,2
ot molecolar devices nsing

Faman spocroscopy,

HETEM, STEM and EELS

N°1 : Institute Néel

Livrables et jalons

Parlenaires
COLCRITIES

l'sche 2 : Molecular devices

dche 2.1 : Molecular spin-
Tansistor, spin-valve, and
spin filter

IJE-:]u: 2.2 - Molecular 1
uble dol (MDD} devices

I'dche 2.3 : Carbon nanotithe 1
ll:mn-!i (AU

ache 2.4 : Theory and 1

odelling of the devices

atche 3 : Quanium
ipnlation of molecolar

ache 3.3 : Blecimcally
lecied EPR

II'E-;:h: 14« Decoherence

N°2 : Institut de Chimie Moléculaire et des Matériaux

d'Orsay
N°3 : Institut Lavoisier
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[ Molecule Grafting ]

Magnetic
~Core

Grafting ligands

Aromatic rings ‘ n-stacking
L. Bogani et al., Angew. Chem. Int. Ed. 48, 746 (2009)
S. Klyatskaya, et al., J. Am. Chem. Soc. 131, 15143 (2009)
A. Giusti, et al., Angew. Chem. Int. Ed. 48, 4949 (2009)
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[Molecule Grafting on Carbon Nanotubes]

Dipping the device into
the solution of molecule

CNT device

Grafted molecules
on the CNT device

L. Boganiet al., Angew. Chem. Int. Ed. 48, 746 (2009)
S. Klyatskaya, et al., J. Am. Chem. Soc. 131, 15143 (2009)
A. Giusti, et al., Angew. Chem. Int. Ed. 48, 4949 (2009)
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polyoxometalate (POM)
Nag((CH;),4N),[Fe,-(H,0),
(FeW3034),] 45H,0

200 nm

A. Guusti, et al., Angew. Chem. Int. Ed. 48, 4949 (2009)
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[ CNTFET building for transport measurements J

YV VY

SEM image of grown
SWNT

] (b)/‘

In;censity '(a.u)

HFCVD using SAM strategy

networks of SWNT (few dozens)
Source-drain palladium contacts

UV lithography, e-beam evaporation and lift-
off processes

Burning of the metallic SWNT

Intensity (a.u)

100

»D

121 am
G*
108 am "
B
B W g e S P s
= # N
200 250 300 350 40 s 7 P I
Raman shiﬂ(cm'1) Q\ Bl
0 0
s
S—
£

Raman shift (cm'1)

Raman spectrum of  Schematicview of SEM image showing the gate
grown SWNT the SWNT-FET region of a

device (large number of SWNTs
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[ Transport properties at 300 K ]

v
1E-5—E — th2 SWNT
] —A@SWNT 1 cycle
—1@SWNT 3 cycles
—1@SWNT 8 cycles
1E-6 E
<
\% 1E-7—E
1E-8 5
] A " o oo JLI
T ‘ Electron transfer from 1 to the NT
VIV
‘ Band theory explanation:
» Repeated grafting cycles EA EA
»  Gate Potential shifts toward low values reondetonbane emen) hic_dt/b_g_\
» Increasing ambipolar effect ~ It
(transition from p to n-type transistor) 1HoMO v 1HOMO
.- W
NT Valence band +VGate NTValence band (full)
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0.07 T/s

0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8
MoH (T)

Elaboration of a whole family
of carboxylato magnetic
POM species

An example : a {Ni;g} glutarate POM :

» Individual molecules present
slow relaxation of magnetization

Hybrid magnetic POMs?
- Reinforcementand/or control
of the molecule/substrate interactions
- Introduction of functional groups
(RAMAN active, etc...)
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Résultats marquants et récents

[Molecular spin-transistor] [Molecular spin-valve ]

Electronic read-out of a single nuclear spin using a Supramolecular Spin Valves
molecular spin-transistor M. Urdampilleta, S. Klyatskaya, J.-P. Cleuziou,

R. Vincent, S. Klyatskaya, M. Ruben, W. M. Ruben & W. Wernsdorfer
Wernsdorfer & F. Balestro, Nature 488,357 (2012) Nature Mat. 10,502 (2011)
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[ Lanthanide Single-Molecule Magnets J

Bis(phthalocyaninato)terbium

e

e —————
g
—5)
S= 1/2 DO'
radical ~ 600 K
00

— T g
. . 10 =5 0_5 10
Th3* anisotropic spin J = 6 H (T)

N. Ishikawa, M. Sugita, W. Wernsdorfer,
Angew. Chem. Int. Ed. 44, 2 (2005), J. Am. Chem. Soc. 127, 3650 (2005)
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| -6 6>
16> 6>
03 -02 -0.1 O 01 0.2 03
ugH (T)

Quantum Tunneling of
Magnetization in
Lanthanide SMMs

\

N. Ishikawa, M. Sugita,
W. Wernsdorfer, Angew.
Chem. Int. Ed. 44, 2 (2005)
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[ H =Zeeman + LFterm + A, J-1 + Py {12 + (1/3)1(1+1)} J

-643.8

A=0.0173 cm't

-644.0 - . Pquad = 0010 Cm-l
-644.2 - € %%f;

6444 O : avoided crossing occurs by

off-diagonal LF term

-644.6

o L :avoided crossing occurs by
transverse field

Others: avoided crossing does
not occur by either LF terms
nor transverse field

N. Ishikawa, M. Sugita,
W. Wernsdorfer, Angew.
0.017T/s Chem. Int. Ed. 44, 2 (2005)
0002 13 and J. Am. Chem. Soc. 127,
3650 (2005)

-1 - reoatt! 0.001 T/s

.0.06 -0.04 -0.02 0 0.02 0.04 0.06
uoH (T)
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- [ Devices ]

[Molecular spin-valve ] [Molecular spin-transistor]

Supramolecular Spin Valves

M. Urdampilleta, S. Klyatskaya, J.-P. Cleuziou,
M. Ruben & W. Wernsdorfer

Nature Mat. 10,502 (2011)

Electronic read-out of a single nuclear spin using a
molecular spin-transistor

R. Vincent, S. Klyatskaya, M. Ruben, W.
Wernsdorfer & F. Balestro, Nature 488,357 (2012)
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Device characteristics

> ane 9005 90-05-90-03-90-08-00- 00580090
.:.:.(0=';0:';l
» ,.\ l.\ l.\."“'
il Dodd B (d 2 Cd 2 ..“ Y !
SIS \

Backgate

0
(V)

SupramolecularSpin Valves
M. Urdampilleta, S. Klyatskaya, J.-P. Cleuziou, M. Ruben, W. Wernsdorfer
Nature Mat. 10, 502 (2011)
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SMM spin reversal detection

conductance
close to a degeneracy point

Spin flips Angulardependance
1
1 l 0.04 K
' 6=30" |
0.5 i
) ﬂ-"'-v A1
=
I>‘ O -
£
-0.5 i
T T =1 T
0 0.5 1 -1 -0.5 0.5 1
uoH (T)
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&

Quantum Tunneling of Magnetization

at avoided level crossings corresponding to the

four nuclear spin states

J

60
L=-3/2

IL=-12
I,=1/2
I,=302

50

40 1

30+

count / 3500

1 L

-100 -50
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Spin valve behavior

4

-0.1 0 0.1 0.2 0.3
ot (T)

Supramolecular Spin Valves
M. Urdampilleta, S. Klyatskaya, J.-P. Cleuziou, M. Ruben, W. Wernsdorfer
Nature Mat. 10,502 (2011)

Wernsdorfer - MolNanoSpin



[ Device characteristics ]

Easy axis
similrto

0 005 D0 005 0.0 -3 B/BO((")F) “d“dl/dV(pS) }13
i 1L (T) ; i o

Wernsdorfer - MolNanoSpin



[ Statistics of conductance jumps ]

1.91- 300-
=
2 £200-
> 1.90- S
2 S .
o

100
1.89- i l
| —50 0 50 50 5 50
B (mT) B (mT)

Electronic read-out of a single nuclear spin using a molecular spin-transistor
R. Vincent, S. Klyatskaya, M. Ruben, W. Wernsdorfer & F. Balestro
Nature 488, 357 (2012)
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[ Single Nuclear Spin Detection ]

Transition matrix between two subsequent measurements
|-3/2)
|-1/2) o [*312)
|+1/2)

|+3/2)

|+1/2)

-
m-mEEE= -

~40 ' Probability
. %), ,

i

o 64302
|[+6,+1/2)
‘ |+6,-1/2)
|+6,-3/2)
a.p*'-?‘.;-:. Direct
— \‘%«‘:‘:’:’ ~ transitions
|-6,-3/2)
|-6,-1/2)
|-6,+1/2)
T T T 1 |_6,+31’2)
0 80
B (mT)
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[ Single Nuclear Spin Detection ]

Transition matrix between two subsequent measurements

|+1/2)

|+3/2) |+1/2)

n
]
¥
1
1
n
L)

Probability
(%)
1.1

waiting time ™
t,=0s

-40 B, (mT)

Lifetime of the order of 10 secondes !
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Project:

TbPc, might be an excellent candidate to perform the Grover algorithm

Energy
A I.=-3/2 0.4 - .
vy= 3.2 GHz g 5
. ~ < < <>

I.=-1/2 n 0- S R RS .
Vo= 3 GHz i“* > -

I_./- = +1fr2 04 . L
v12:2'4 GHZ _ / L L] L L] I | L] L L] I | | L] L] I L] L | |

L=t -100 -50 0 50 100

uoH (m1)

* synthesis of perfectly identical SMMss
e different energy-level spacing
 observation of long energy-level lifetimes (= 10 s)

The Grover algorithm with large nuclear spins in semiconductors
Leuenberger, M. N. & Loss, D., Phys. Rev. B 68, 165317 (2003)
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Résultats marquants et récents

[Molecular spin-transistor] [Molecular spin-valve ]

Electronic read-out of a single nuclear spin using a Supramolecular Spin Valves
molecular spin-transistor M. Urdampilleta, S. Klyatskaya, J.-P. Cleuziou,

R. Vincent, S. Klyatskaya, M. Ruben, W. M. Ruben & W. Wernsdorfer
Wernsdorfer & F. Balestro, Nature 488,357 (2012) Nature Mat. 10,502 (2011)
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Quelques indicateurs d’impact (production scientifique, brevets,
recrutements...)

* > 100 publications

* > 8 joint publications

* > 60 joint presentations
* 1thésard

e 5 post-docs
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Mercl I
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Anisotropy - molecule orientation ]

i 0.5 0.5 ' o
el‘ ‘ i 3? A %fﬁ "f
! % \ \ ! #
%?ﬁﬁg it & ig i
$ - > (- 3 f 0- t L
R, 5% = |
5 | T { \
T _O 5 "'] "O 5 T
0 05 .05 0 0.5 0.5 0 0.5
uoH, (T) uoH, (T) ugHy (T)
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Field sweep rate dependence

SupramolecularSpin Valves

9
600x10 " 7 ==
| of 2% of TbPc,
14 ' 500 -
0.04 K
0.5 g
S 400
s 3
s 0 0.280T/s [ ©
= 0.140 /2 i
0.070 T/s % 300 4
0035T/s | €
-0.5 0.017 T/s |
0.008 T/s
0.004 T/s
0.002 T/
-1 = i 0.001 T/Z 200 - e
-1.2 -08 -04 0 0.4 08 1.2
uoH (T)
100 +
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Temperature dependence

SupramolecularSpin Valves

| of 2% of TbPc,

0.002 T/s
2% Tb

G (S) + Offset (150nS)
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Tunneling probability at an avoided level crossing
Landau-Zener model (1932)

|S, m'> |S,m>~
,//// 1 = P
<A
\\\\ P .n:'
\\\ c —
\\ _ 1
IS, m> 1S, m' >N 2h gugm —m'|ug

magnetic field
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Landau-Zener tunneling probability ]

7 Transverse field:
® 0T

A 01T
m 02T
v 03T

o

T T
20 80 100

dt/d(u H) (s/T)
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QTM

5 Hysteresis loops y

250 0 250

B (mT)
Hirans = 0.5 T
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[ Single Nuclear Spin Detection ]

scalars
-0.479
0419
63> 0.360
0.301
[6>[+1/2> 0.242
[+6>[-1/2> 32 20 0.182
[+6>|-3/2> 10 0.123
> £
NS ,
: : Population
: : |-6>]-3/2> -0.500
|-6=>]-1/2>
6o/ 0.383
: _ |~6>[+3/2>
. 1 -

-40 -13 13 40 B (mT)

|+3/2>  |+1/2> |-1/2> |-3/2>
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