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!"#$#"%&'()*+,-./)&0%+123435'

6/"%778'60+*98+):23';<+%7'6+108"%7/123'=/"+'>?'(8*9,8@4353'(/*%7%A)8'B%C/"$435'

!
"#$%&!'%()*+,-!./01-!12.31!#40!56"7-!.89!:;9)<++$!.+9=(-!>?@5AB@!'%()*+,-!>9=$C+!

D#$%&E!F9+$)GH+!IH<+,-!J$,8E!/++H-!>?6@AKD!F9+$)GH+!-!>9=$C+!
6./01-!J$,8!/::'-!#20DLKA!>?6@AKD!F9+$)GH+-!>9=$C+!

'
!

'

!"#$%&'()*()#+#,-+./012(')-+.)+32+/,#)2+'(.)4)
-.5#05-(')6)(7(8-2(')6)+--250+/,#' 
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 D! (%E8"871'9"/98"F8,'

+1'$%E8"871',&+<8,'

D! (%,&"818'8<8&1"/7%&'
<8C8<'C,''G<8&1"/7%&'
H+7$',1")&1)"8'

 

 
 

 

 

I%7J<8'+1/*'
6<),18"'

K2L-2LL'+1/*,'
M'K'2-4'7*'

=+7/9+"F&<8'
K10/),+7$,'/N'+1/*,'

M'K'4-OL'7*'

.)<P'
KH%<%/7,'/N'+1/*,'

!! ;H,/"9F/7'98+PQ'IRS'

9($+2:);<')
!1.=+0()<2+'8,#)>(',#+#0()?!<>@) =R,',%T8''

Oldenburg, Proc. SPIE 4810, Properties of Metal Nanostructures, 36 (2002) 

Properties versus scales 

I1+18'$87,%1@'

G7
8"

J@
'

G7
8"

J@
'

G7
8"

J@
'

G7
8"

J@
'

I1+18'$87,%1@' I1+18'$87,%1@' I1+18'$87,%1@'

S8,/7+71'/,&%<<+F/7'/N'
&/7$)&F/7'8-',F*)<+18$'H@'G'

A75*();<')
!1-(.-+.+8+B#(/'8)

Demas, New J. Phys. 
13 (2011)  

3 
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Diameters 
"!   1 nm !        45 atoms 
"!   3 nm !   1 272 atoms 
"!   5 nm !   5 844 atoms 
"! 10 nm ! 43 249 atoms 

R = rs . n (1/3) 

Some numbers  

U@9Q',908"%&+<'=R'&/7,F1)18$'H@'$'+1/*,'
9,!!V%J78"-I8%1T'+1/*%&'"+$%),''

L'

O'

2L'

2O'

4L'

4O'

2' 2L' 2LL' 2'LLL' 2L'LLL' 2LL'LLL'2'LLL'LLL'

=
R'

$%
+*

81
8"

'W7
*

X'
;1/*'=)*H8"'

6/998"Y'9,'Z'2?[2'+7J,1"\*'

S+F/'S'

(*) G. Schmid, Endeavour, Cluster and Colloids – Bridges 
Between Molecular and Condensed Material, 14 (1990) 
Aiken  J. Mol. Catal. A: Chem. 145 (1999) 

R= Surface atoms
Number of atoms in cluster

25' O]2'

(*) 
 

OO' 2[^' 5L_'
C:D)#8)E)

 ;1/*,'
7)*H8"' #'

4 
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1;9,=8;9=M)$!$++N+N!
1!O!2!P!2,!

D!!2''C+9/"'9+"F+<'9"8,,)"83''2,',+1)"+18$'C+9/"'9"8,,)"8'`'3,'
D!!3,'%718"N+&8'a8*98"+1)"8'
'
'+$%+H+FA)8'8:9+7,%/7''
'
I)",+1)"+F/7'&/7$%F/7,'#'J+,')7$8"'0%J0'9"8,,)"8'WU83'108"*+<'&/7$)&FC%1@X'
'
!!,)"98",/7%&'H8+*'
!!,98&%b&'9"/&8,,'

Homogeneus nucleation; vapor phase 

 !G (r ) =  4 . !  . 2r  . " +   4
3

 . !  . 3r  . !Gv

!G (n ) =  !  . n
2
3 -  k .T . ln S . n

!Gv  = - k  . T
VC

 . ln
P
Ps

Q!O!R6BESETC
DU"P6EV!!+8!!WE3EH$1!O!XY!CZ+(%C=H!<)8+$M=H'

WQ'./<1T*+7'6/7,1+718'
3Q'7)&<8+F/7'a8*9"+1)"8''

IQ',)",+1)"+F/7'"+18'
I)"N+&8'N"88'878"J@'C,'c/<)*8'N"88'878"J@'

!"88'878"J@'&0+7J8'

)a08"*/$@7+*%&';99"/+&0'
 

D!1![!"'Q'I)",+1)"8$'C+9/"Y'I9/71+78),'7)&<8+F/7'9/,,%H<8''
D!1!\!"'Q'd),1'C+9/"%,+F/7'

5 
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History – Smalley source  

1R.E. Smalley et al., J. Chem. Phys. 74(11) (1981)  
2R.E. Smalley, Laser Chem. 2 (1983) 
3H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, and R. E. Smalley, “C60: Buckminsterfullerene”, Nature 318 (1985)  
'

! e'>+J%&'7)*H8"'f'

Ag Dense NP 
composed of 55 
Silver Atoms 

NP composed of 60 
Carbon Atoms 
 (C60 fulleren –  

Bucky Ball) 

2__]'=/H8<'R"%T8'%7'608*%,1"@'

!)S8*+"PQ'

7 
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Cluster: Magic number 

50,'+%(*.+2)

%&/,+08$"+<' %&/,+08$"+<'

I1")&1)"8,'

$.1#0+$(*)50,'+%(*.+2)

FG%)'"88($.")

Rives, Catherinot, Dumas-Bouchiat, Champeaux, Videcoq, Ferrando, Phys. Rev. B 77 (2008) 

>/<8&)<+"'$@7+*%&,',%*)<+F/73'J"/g10'9"/&8,,'/N'%,/<+18$'6/'&<),18",'%7'J+,'90+,8'

!

8 
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9 

HIJ4)KDC#8)

021'$(.')

3P. Milani, W.A. deHeer, Rev. Sci. Instrum. 61 (1990)  

R)<,8$'C+<C8'

=)&<8+F/7'
&0+*H8"'

''=/TT<8'
 

''V%7$/g'

 
a+"J81'

 
 

R"%7&%9<8'Q''
a+"J81'C+9/"%T+F/7'g%10'<+,8"'
B+,'%7d8&18$'H@'+'9)<,8$'C+<C8'
=)&<8+F/7'"//*'N"/*'108'$8,%J7'
/N'>%<+7%-(8'U88"5'

'''!'6<),18",'J"/g10'&/71"/<'
 

J+,'+7$'&<),18",'8d8&18$'
10"/)J0'+'7/TT<8''

Principle: 
Cluster Beam Generator (CBG);  
Laser Vaporisation Sources (LVS); Free Cluster Generator (FCG)  

''''!',@7108,%,'/N'=R,'%7'108'C+9/"'
'

''''!'&<),18"'W=R,X'.8+*'B878"+F/7'
              9 
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NP Beam Generator (home made) 

1Gaudin, Constantinescu, Champeaux, Dumas-Bouchiat  « A dual pulsed laser set-up for the synthesis of nano-sized clusters », submitted 

(89/,%F/7'*/$8,'

10 
6/*H%78$'*+1"%:'h'=R,'9"/98"F8,'i'=R,',&+<8'8E8&1'
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Limoges laser vaporisation source 

11 
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!%8<%&P83'=%8)g8J8%73'
a08'=8108"<+7$,'

j+@+3'a/P@/3'k+9+7''

Smalley’s childs 

>%<+7%3'(8U88"3'
l+),+7783'
Ig%1T8"<+7$'

R8"8T3'>8<%7/73'()9)%,3'."/@8"3'RlmS;3'l@/7'

>%<+7%3'(8U88"3'
l+),+7783'
Ig%1T8"<+7$

3'()9)%,3'."/@8"3'RlmS;3'l@/7'

!" #"j"8%H%J3';+&0873'B8"*+7@'

l%8C87,3'l8)C873'.8<J%)*'

12 
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 L,3+2$);<)4))
M5#(/0NO)P)Q:R)(ST+$))
L,%('5,#NO)?312U@)P)G:K)(ST+$) )#)O05#V/W1(XX)O0,%V'5,#)

Low Energy Cluster Beam Deposition (LECBD) 

I--.,758+/,#Y)),Z(.('/8+$(*)021'$(.)Z(2,05$")4))
;<)Z(2,05$")S8+7))P)B+')Z(2,05$")SV0%+--(8(#$))?',1#*)Z(2,05$")![@) v! = 2k

mH e

( !
! -1

)T = 1700m/s (He)

!);<)U((-)$%(5.)\"5#B)'%+-()?'%+-()8(8,."@)

!! L21'$(.)])QY^)(ST+$4))
U((-)$%(5.)\"5#B)0%+.+0$(.5'/0'))
_5B%2")-,.,1'),1+&P,'/N'=R,'WKOLnX4'

`(+U)+*%(.(#0()
)
'
'
'
!))L21'$(.)])^)(ST+$4)'
'
'
'
! L21'$(.')])^Q)(ST+$4))
'
F(#'()a)(-5$+75+2)b))?9,),#)9,N'13'$.+$(@)!I*%&.()
très fortement au substrat 

!)<.,3+3525$"),=);<)=.+B8(#$+/,#)5')c(+U)

1Haberland, Phys. Rev. B 51 (1995) 

>/$8<<%7J'N"/*'U+H8"<+7$'81'+<?'>/'=R,',1+&P,'/7'>/',)H,1"+182''
 
 

2Dumas-Bouchiat, J. Appl. Phys. 100 (2006) 13 
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B 

Kinetic equations for NP-NP reactions: 

=R',%T8'$%1"%H)F/7'N&1'/N'+'
,%7J<8'9+"+*818"Q'

&/7$87,+F/7'"+18'o'

Formation rate of k-sized 
NP resulting from the 
coalescence of a i-NP 

and a j-NP  

Number of events where k-
sized NPs form bigger NPs 

.%]Q'&/+<8,&87&8'9"/H+H%<%1@'H81g887'+'%-=R'+7$'+'d-=R'
'"8$)&8$'C+"%+H<8'

'
$^%Q'7)*H8"'/N'%-,%T8$'=R,'
$^]Q'7)*H8"'/N'd-,%T8$'=R,'
 

 Soler, Phys. Rev. Lett. 49, (1982) 

NP growth: homogeneous nucleation theory  

* *. *. * *. *. *
( )
k

ij i j ik i k
i j k i
i j

dn C n n C n n
d t! + =

"

= #$ $
!

1
2

2
10

1

( ')16 . . '
( ')

t kT t NR dt
m V t

! "
"

# $
= % &

' (
)

!

* i
i

Nn
N

=
!

14 
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*Orlianges Appl. Phys. Lett. 101 (2012)  

(*) 

15 
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! NPs well crystallised in fcc 

structure at RT  

 
 HR-TEM image of Silver NPs embedded in amorphous C-matrix 

! Narrow size distribution 

 
Isolated Ag NP  

5 nm 

!! NPs keep their metallic nature 

Surface Plasmon Resonance of silver at ! = 379 nm 

FFT 

Five fold 
symmetry 

 Cuboctahedral      Icosahedral      Decahedral 

Silver nanoparticles 

16 
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 B 

Kinetic equations for NP-NP reactions: 

Theoretical Experimental (data collected from TEM images) 

=R',%T8'$%1"%H)F/7'N&1'/N'+',%7J<8'9+"+*818"Q'&/7$87,+F/7'"+18'o'

Formation rate of k-sized 
NP resulting from the 
coalescence of a i-NP 

and a j-NP  

Number of events where k-
sized NPs form bigger NPs 

.%]Q'&/+<8,&87&8'9"/H+H%<%1@'H81g887'+'%-=R'+7$'+'d-=R'
'"8$)&8$'C+"%+H<8'

'
$^%Q'7)*H8"'/N'%-,%T8$'=R,'
$^]Q'7)*H8"'/N'd-,%T8$'=R,'
 

 Soler, Phys. Rev. Lett. 49, (1982) 

NP growth: homogeneous nucleation theory  

* *. *. * *. *. *
( )
k

ij i j ik i k
i j k i
i j

dn C n n C n n
d t! + =

"

= #$ $
!

1
2

2
10

1

( ')16 . . '
( ')

t kT t NR dt
m V t

! "
"

# $
= % &

' (
)

!

* i
i

Nn
N

=
!

17 
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0

0,25

0,5

0,75

1

300 400 500 600 700 800 900

Longueur d'onde (nm)

Tr
an

sm
itt

an
ce

alumine dopée cobalt alumine dopée cuivre alumine dopée argent

Ag 
Co 

Cu 

Al2O3 Ag/Al2O3 

Cu/Al2O3 Co/Al2O3 

1 
cm 

<,1.)IB)))d)3,#)+00,.*)4)"#$%&'()e)CYf)#8)0,#$.()")*+)e)D)#8)
<,1.)L1)))d)8+1Z+5')+00,.*)4)"#$%&'()e)fYg)#8)0,#$.()")*+)e)CYK)#8)
)
))))))))))));VB25B()2�(h($)*()2+)8+$.50()($)2(')(h($')W1+#/W1(')))

1 2

. !
. .

FvD
c
!

" !
=

#

Ag, Co, Cu- NPs in PLD-Al2O3 matrix 

0

20

40

60

80

100

120

140

160

1,E+00 1,E+01 1,E+02 1,E+03 1,E+04 1,E+05 1,E+06

Fréquence (Hz)

P
er

m
itt

iv
ité

 re
la

tiv
e

non dopée 5% 10%

0,E+00

1,E+07

2,E+07

3,E+07

4,E+07

5,E+07

6,E+07

0,E+00 3,E+07 6,E+07 9,E+07

Re(Z)

-Im
(Z

)

Zt = R
1+ R 2.C 2.! 2 ! j R 2.C .!

1+ R 2.C 2.! 2

!

p9F&+<'9"/98"F8,' G<8&1"%&+<'9"/98"F8,q'
>r>',1")&1)"8'

N'Z'2-2L]'UT'

r*98$+7&8*818"Q'
I/<+"1"/724]L'

*Crunteanu, Dumas-Bouchiat, Champeaux, Catherinot, Blondy, Thin Sol. Films 16 (2007) 

S8
<+

FC
8'

R8
"*

%s
C%

1@
'

V+C8<87J10'W7*X'

!"8A)87&@'WUTX'

1#*,-(*)

Ki)

^Qi)

(/9%7JQ'2L'C/<'n'
Ki)

18 
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•! Crystallised ~3 nm metallic NPs at RT, sharp size distribution 
•! High deposition rate (50 nm of V-NPs per 15 min)  
•! Flexible choice of materials: 
                   Isolated NPs embedded in different matrix 
                   Stacks of NPs (porosity properties) 

! NPs well crystallised in cc structure at RT  

 
 HRTEM image of Vanadium NPs embedded in amorphous Al2O3 matrix 

20 nm 

5 nm 

20 nm 
5 nm 

(110)cc 

Vanadium NPs 

19 
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Reversible first order Insulator to Metal Transition at ~68°C (close to RT) 
 

VO2 properties 
 

Semi conductor at 
Low Temperature 

 

Metallic at High 
Temperature       

(T > 68°C) 
 

T  

! Abrupt changes in electrical resistivity and 
optical properties (IR range) 

Rutile phase Monoclinic phase 

Extracted from ref 1 

1J.F. Morin, Physical Review Letters, 1959 

Vanadium dioxide (VO2) thermochromic mat. 

20 
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VO2 major phase 

PLD VO2 thin film 

Al2O3(006) 

(*) 

Al2O3(006) 

(*) 

 
- well cristallized mono-oriented 

(020) VO2 film 

^KQ)#8)$%50U)

 
 Only substrate peaks 

No peak of VO2;  no long range order 

Nanosized VO2 NPs vs VO2 PLD thin films 

VO2 NPs 
post annealing @ 300°C, PO2: 3.3.10-2 mbar,  Al2O3, MgO or Glass substrate 

V NPs 

 
!! ~150-200 nm sized grains 

deposited at 700°C, PO2: 2.2.10-2 mbar, Al2O3 substrate 

^KQ)#8)$%50U)

XRD  

XRD  

XPS  AFM  

AFM  

VO2(002) 
VO2(004) 

Al2O3(006) 

21 

t-"+@'90/1/8<8&1"/7',98&1"/*81"@'
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     NPs vs dense films 
- Increase of hysteresis width 
- Decrease of TMIT 

  

VO2 NPs 
VO2 PLD 

at 3 !m 

VO2 NPs 
VO2 PLD 

Nanosized VO2 NPs vs VO2 PLD thin films1 

Electrical measurements IR-visible transmittance 

Gaudin, Champeaux, Dumas-Bouchiat  «From metallic vanadium nanoparticle assemblies to thermochromic VO2 behaviour», submitted 

^I;>)<.,j(0$)9kl>OF)CQ^RNCQ^g4)VO2 integration in microsystems: )
!<Lm!Y)n258)o58,B('Y)o9J<)J.(#,32(Y)pOm>)>(##('Y)m%+2(')<+.5'Y)o+3N!mpLL)q.('$)

22 
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a*+:ZL?O^3'a*%7ZL32O3'a1"+7,%F/7Z]uv63'0@,18"8,%,'g%$10Q'4v6'

a*+:ZL?uL3'a*%7ZL34L3'a1"+7,%F/7Z]Lv63'0@,18"8,%,'g%$10Q'2Lv6'

Q)

^)
C)

Q)

C)
^)

Combine VO2 NPs & VO2 PLD thin films 

Q)

^)
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%
T
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60 min

!T ~ 11ºC !T ~ 6ºC !T ~ 3ºC 

10 min 35 min 60 min 

!! Coalescence and NPs growth observed with annealing time 

At 3 "m At 3 "m At 3 "m 

Treached = 370ºC Treached = 450ºC Treached = 510ºC 

Nanocomposite: VO2 NPs/Thin films  

< 10 nm 60-80 nm 120-150 nm < 10 nm 60-80 nm 120-150 nm =R',%T8'

24 
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Cobalt NPs: stacking 

!" #" 

!

! 6/71"+&F/7'/N'108'&"@,1+<'<+s&82'

! G:0%H%F/7'/N'+'w1'$8987$+7&84'

!! 60)$7/C,P@'*/$8<Q'*+J78F&'87F1@'_7*5'

  

1Rives, Phys. Rev. B 77 (2008) 
2Dumas-Bouchiat, Appl. Surf. Sci. 247 (2005) 
3Dumas-Bouchiat, J. Appl. Phys. 100 (2006) 

!

$" MFM signal %" FFT 
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NdFeB triode sputtering ! Dempsey   Appl. Phys. Lett. 90 (2007) 

Hard magnetic film 
Grenoble/institut Neel/ N.M. Dempsey 

(006) 

"0Mr # 1.35 T 

"0Hc # 2.6 T  

?q_@8+7eGQQ)UrT8D)

27 
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"!    ''''''''''''''

'!)l+,8"'x)87&8'+$+918$'7/1'1/'$+*+J8'108'b<*'
'!)>+J78F,+F/7'"8C8",8$'/7'2?O'y*'

Focus on Thermo-Magnetic Patterning: TMP 

NdFeB  

SEPTEMBER 2016 VOLUME 52 NUMBER 9 IEMGAQ (ISSN 0018-9464)

(a) Calculated map of the vertical component of the stray field at a height of 100 nm above the
patterned SmCo film. (b) Phase shift map measured with a flexible cantilever soft coating
probe. (c) and (d) Phase shift maps measured with a stiff cantilever hard coating probe.

From the paper, “Some Aspects of Magnetic Force Microscopy of Hard
Magnetic Films,” by G. Ciuta et al., Art. no. 6500408.

Dumas-Bouchiat   Appl. Phys. Lett. 96 (2010)   Ciuta   IEEE Trans. Magn. 52 (2016) 

rGGG'!"/71'6/C8"3',891'4L2]'

28 



13
èm

e  J
ou

rn
ée

s 
– 

R
és

ea
u 

Pl
as

m
as

 F
ro

id
s 

– 
La

 R
oc

he
lle

 –
 1

7-
20

 o
ct

ob
re

 2
01

6 
 

50 !m 

Z-component of the attraction force 
@ 10 "m  [N] 

Z-component of the magnetic stray field  
@ 10 "m above the magnet array 

"!  

  @ 10 "m above 
  ! Magnetic field " tens of mT 
  ! Magnetic trapping force " hundreds of pN 

Superparamagnetic NPs ø 3 !m 
20 % wt Fe3O4 80 % wt Polystyrene 

50 !m 

Fmz 
[N] 

Bz [T] 

$ 

!B
!z

= 106 T/m @ 2 nm

Magnetic stray fields & forces 

29 
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"!   
  !)=/'8:18"7+<'*+J78F&'b8<$'
))!)=/'9/g8"',/)"&8'
))!)I1"+@'b8<$,'"8,1"%&?'1/'108'"8J%/7'/N'%718"8,1'
))!);$+918$'1/',9+&8'"8,1"%&18$'W*%&"/,&/9@X''
''

Fg = 4/3 % rbead
3 (&bead - &medium) g  

Fd = 6 % ' rbead ((fluid – (bead) 
Fm = "0 Vmag M )H  

Beads #= 9 !m 

Fluid 
flow 

Beads #= 9 Beads ##BeadsBeadsBeads

!-fluidic channel in PDMS, width = 500 !m, tPDMS on 
film $ 10 !m  

Channel entrance 

Channel exit 

NPs sorting 
by trapping 

NPs sorting by guiding: Dynamic mode 

Beads focusing 

Microfluidic potential: NPs sorting 

''Magn. Sorting ! Zanini   Appl. Phys. Lett. 99 (2011)  MicroBlaire   Eur. Phys. J. B 86 (2013)      

NPs #=100 nm 

30 
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B0 

B1 

B2 

B0: initial composition   
 65.6% PS NPs 
 34.4% Magnetic NPs 

 
 
 
 
After a first pass throught the channel 
B1: selected solution 

 99.9% PS NPs 
 
 
 
 
high fluid flow to clean the channel 
B2: solution with magnetic beads 

 99.5% Magnetic NPs 
 
 
"!   
 ! Highly efficient for NPs 
 ! Highly efficient for tag Cells (Jurkat & HEK) 95% / 5% 

 
 F

lo
w

 c
yt

om
et

ry
 a

na
ly

si
s 

 

High gradient magnetic separation-HGMS 

HGMS ! Zanini   Appl. Phys. Lett. 99 (2011)  
Bact. Magn. Sorting ! Pivetal   Sens. & Act. B 195 (2014) 31 
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Example of magn. polymer structures 
0 - TMP structure 
1 - Hard magnetic beads sprinkled onto master structure and 
concentrated at the interfaces of micro-magnets 
2 - polymer binder poured over the hard magnetic beads 
3 - Solid composite peeled off the master structure 

Scanning "-Hall probe 

- Cheap 
- Flexible 
- Transparent 
- Biologicaly 
compatible 
- One Master for 
thousands 
prototypes 
 Extract the Bz magnitude 

Magnequench® NdFeB powders GA50 

Optical image 

Tube 

Bz (mT) 
3D 

and magnetized 

MMI 

"-magnetic imprinting MMI, N.M. Dempsey 

Dempsey, Dumas-Bouchiat, Givord, Zanini Patent FR1254667 (2012), US 61/650,398 (2015)  
Soft magn- materials ! Leroy   Mat. Today Comm. 1 (2016)   32 
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Other Free NP sources 

l%*/J8,'!"88'=R',/)"&8'
H+,8$'/7'*+J781"/7'
,9)z8"%7J'

Vanessa Orozco Montes, Cedric Jaoul, Pascal Tristant 

;k;'6/7&891{'

Orozco Montes, Free Ag & Cu NPs based on magnetron sputtering, Best Poster Award E-MRS (2016) 
Orozco Montes, Electrical behavior of Al2O3 films doped with Ag NPs, Best Poster Award Electroceramics XV (2016) 33 

R/,18"Q'
'p9F&+<'G*%,,%/7'I98&1"/,&/9@'
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Many thanks to students and especially: 

l)%T'!8"7+7$/'|+7%7%' >%&0+8<'B+)$%7' >+%<810'c+78,,+'p"/T&/'>/718,'

2009-2012 2013-2016 2014- % 

34 
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Thank you for your attention 
frederic.dumas-bouchiat@unilim.fr 


