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How to bhreak up a cluster 2 (2]
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Low Energy Fragmentation
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mm=) Metal Clusters are the ideal tool to bridge the gap between
molecules and surfaces

Theoretical challenge: study of a complex collision process
involving a lot of electronic and nuclear degrees of freedom

From = —0 to [ = 400

mm) Experimental measurements are available

C. Bréchignac et al. Eur. Phys. J. D 12, 185 (2000); 16, 91 (2001)
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Experimental Setup (LAC-Orsay)

Oven Cs Detector

||

|| o>
nEE o
Collision cell

Tonization laser

* N ) N y
® Na, Y 4

Mass selector Time-of-flight spectrometer
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¥ Experiment: v ,~0.01-0.07 a.u. > 1, ~10"s

coll

% Cluster vibrational period: T, ~10"2s
internal motion of the cluster nuclei

b Tv 2 Tcoll

lonic background of the cluster is frozen during the collision

% Electron-phonon coupling: Tog~101-10" s

b Trel e Tcoll

Dissociation processes resulting from electronic relaxation

can be ignored during the collision

) Collision and fragmentation can be treated separately
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Na,"
o
L1,

Medium size charged simple metal clusters

= Low velocity: v, << vy

coll

- Fast process: 1075 (10 fs)

- Quantum Many-Electron dynamics

Charge Transfer (CT) =2 ‘ Inclusive Cross-section
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Na,” (neutrals)
Liy, ™ (charged) o~

1. (TOF) time

Measurements at ..

- Slow process: 107"'s <1, <+ o0
-> Classical Many-Ion dynamics

-> Sequential evaporation of monomer or dimer

Charge-transfer induced evaporation (CTE) - {
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Electron Dynamics

e Valence electrons = fully quantum mechanical description

e Nuclei = classical description

o v 1 <<vp~0.53 a.u. (Cs) > Molecular Method

® Cluster Electronic Ground-State
=> Spherical Jellium Model + DFT-LDAXC-SIC

e Collision

- Time-Dependent Molecular Close-Coupling
-> Impact parameter method

¢ Many-electron Dynamics  -------
-> Inclusive Probabilities Formalism
(Independent Electron Model) Nay

M. F. Politis et al., Phys. Rev. A 58, 367 (1998); F. Martin et al., Phys. Rev. B 58, 6752 (1998)
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Energy Deposit

Collision > E_ (b) > Fragmentation

¢ One must add the thermal energy of the cluster before the collision: E;
T is the vibrational temperature

Y Obtained from the specific heat at constant pressure of the bulk
T
&(T) = h(T)~hy = | C,(T)dT = E; I N
0

% Total vibrational excitation energy E (b)=E_,(b)+E,
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Fragmentation Dynamics

Sequential Evaporation Model = ©- -2 Hervieuxetal,

J. Phys. B 34, 3331 (2001)

* Includes Monomer and Dimer Evaporation to any order

(N3 (3un

A

[dn_i(\?) — _k(O)n(O)

dt N '°N

dnd—](f_)z - _kl(vo,)znz(\?) - kz(vz—)znz(vz—)z
e N

Time integration stops at t = 1,

% Rate constants: Microscopic and Microcanonical Statistical theory of Weisskopf

Y& Entropy of the bulk and binding energies from the experiment

(r.)
nn—' Te
* Pev,j(b): ]\;(0)

>

0, =2x.[b.P,(b)db
R-

J

Iy Nay_; (b) =P CT (b) X Pev,i (b)
~/
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T (K)

Theory of Weisskont (RRKM)

Fragmentation of the ionic background

=> Microscopic and Microcanonical Statistical model

dN 2 * . * E;/_DN,I v %
A ‘Mif 2,Of (Ey) with pEy)= Io pi(@)py(Ey Dy, —e)de
dt h .
C,(T)
s(1) =| —dT=S(T)/N
- From experimental C, of the bulk 0
1800 — 120 ky log (plv\f(EN)): N .s(¢)
1500 Bulk 1100

Harmonic

180

1200}
. For one monomer
900} 160 2
600} lag @
| 1 % % *
300y 120 | dN, ko (E) = gV p (Ev-Dus Py (Ey =Dy, —e) J
........... 1 dt = Nal( N)_ h37z_2 0 v (E*) O-(e)e e
00 05 1.0 1.5 2.0 2.5 3.0 Pn Ly

E E (eV . : .
r By (V) Coll. Spiegelman and Calvo-Lab. Physique Quantique-Toulouse
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Nay," + Cs
(Na,Cs )+

E (au.)

} Occupied cluster orbitals

_05 IR I T T TR TR NN TR TR TR SN NN TR TR SR N T TR TN SO T

15 30 45 60 75
R (a.u.)

e Capture far away from the cluster surface (R .= 8.3 a.u.)

e Capture into excited cluster orbitals 1d, 2s, 1f
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Charge Transfer Cross Section

Na,* + Cs > Na, +Cs*

200 T T T

L CT
150 i .

B. Zarour et al.,
J. Phys. B 33, LL707 (2000)

50

| 1 | 1 |

0.02 0.04 0.06

Impact velocity (a.u.)

o Three regimes: rapid increase - plateau - rapid increase
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Charge Transfer Cross Section

Na,* + Cs > Na, +Cs*

200 T T T T
® (. Bréchignac et al (2000)

150

50

| 1 | 1 |

0.02 0.04 0.06
Impact velocity (a.u.)

e Excitation (Ex) is much smaller than charge transfer (CT)

e CT is a probe of the cluster excited states
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Charge Transfer Evaporation Cross Sections
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Produced at T

Na,*+Cs >Na,, , +Na, +Na +...+Cs"

Detected at T,

5
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L 2
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\
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7, (s)

5
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7, (8)

140

120

140

120

P. -A. Hervieux et al.,

J. Phys. B 34, 3331 (2001)

Fixed velocity
V.on= 0.025 a.u.

e The fragmentation cross sections depend critically on 7" and t,

e Unfortunately no absolute experimental measurements are available

detection

of the neutrals !
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29 (31 ;; ((332)
. "_'Afé‘i’f—;\k4s (34)

_Bzggf,;f Cs (6s)

1h (38) |

2d (39)

3s (40) Unoccupied cluster orbitals
g @1) |

2p (42)

cssassssts—

ssssssnses

11 (.43)

Energy (a.u.)

25 (44)
1d (45)

qnﬁu“ sssssssses 1_P ‘(‘ié)’”
-0.5 |
i — 1s (d47) | ./

-06 -° ‘ ‘ |
10 30 50 70
R (a.u.)

> Occupied cluster orbitals

. 24
Li,,” + Cs

e Capture far away from the cluster surface (R ,.= 10.2 a.u.)
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Charge Transfer Evaporation Cross Sections

Li,,** + Cs > Li,,, , *+Li, +Li +...+ Cs*
172 1 2

400 T T T T T 1
e Experiment: 420 <7< 660 K ; t,=3 pus — '
£ 300 + —
[
© N
. _ . _ ‘o I b
e Theory: T=450 K ;t,=3 pus e ——
g0 —cor T ]
ﬁ Li31+ ¢
3 Lis,
% 100 - —— Li," B .
C. Bréchignac et al., Phys. Rev. Lett. 89, 183402 (2002). ) L *
C. Bréchignac et al., Phys. Rev. A 68, 063202 (2003). 0 -

Impact energy (eV)

IPN-14/03/05
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Cross section (10_16 sz)

Charge Transfer Evaporation Cross Sections

300
200

100

Li,,** + Cs > Li,,, , *+Li, +Li +...+ Cs*
172 1 2

10°

T, (8)
0 10 10° 10" 107
e e e i s
. cT T=300°K
_—Lis1+
- Lig,, TOF |

—

ﬁ_q___t___t___t.__;__

e Good agreement Th/Ex = only posible with 7
and T, consistent with the experimental conditions

e Small deviations from this choice leads to
enourmous differences in the results

Fixed velocity
E_ ,=3keV

coll
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e For CT good agreement with experimental measurements

‘ validation of our Many-electron dynamical model

DFT-LDAKC-SIC+Molecular Time-dependent close-counling
+Inclusive probabilities

e For CTE good agreement with experimental measurements
‘ validation of our Fragmentation model

Sequential evaporation of monomer or dimer + Microscopic Microcanonical

Statistical model of Weisskopf with bulk thermodynamical quantities +
experimental binding energies of the fragments

- validation of our assumption of different time scales

IPN-14/03/05 24



Charge Transfer Cross Section

L. F. Ruiz et al., International Journal of Quantum Chemistry 86, 106 (2002).

e
[
TD

= 40 i
)

20 b +——=» 5C i

w——eDC
. ﬂ | N | N | N | N
e Same Theoretical Methods 0 100 200 300 400 500

E (eV/amu)
e Single CT cross sections are comparable to double CT cross sections

mmm) Experimental measurements are available = P. Moretto-Capelle (Toulouse)

J. Phys. B 36, 1585 (2003); NIMB 205, 656 (2003).

IPN-14/03/05 25



Charge Transfer Evaporation and Multifragmentation

Cross Sections

He'' +Cyy 3 Cut (a=0.12) | EENTE

l

)
> C +Cy D> Co + Cy+ Cy .
>C. T +HC >

BT

>C.+C .

2 ...
\
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Charge Transfer Evaporation and Multifragmentation

Cross Sections

e Real chemical bonds - With respect to metal clusters much more complicated

e Many isomers with very different dissociation energies

e DFT calculations of dissociation energies, ionization potential, entropy,

C,C*HC*™ n=50.60 .

S. Diaz-Tendero et al., J. Chem. Phys. (2003). %‘11 - .
‘ Work in progress 10r ‘
5 of :
& gl |
-
Sequential Evaporation of dimers = Weisskopf "0 52 54 56 58 &0 62
< Cluster size
Multifragmention = MMMC
.
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High Energy Fragmentation

Part 11

C."Mev

He Q/ High energy deposit by
—

8 - {

. .. Multifragmentation
High energy collisions 0
@
Q OO
\ CTMF
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Statistical Fragmentation of Small Neutral Garbon Clusters

N
&§ P. -A. Hervieux 4
X
‘b\\ IPCMS, University of Strasbourg @@
< (44
QD
& , , |
sta S. Diaz-Tendero, F. Martin and M. Alcami
Departamento de Quimica, University of Madrid, Spain
+
C."Mev He o/
S —
o——>
o (029
G. Martinet et al., Phys. Rev. Lett. 93, 063401 (2004) \ O

S. Diaz-Tendero et al., Phys. Rev. A 71, 033202 (2005)
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Microcanonical Metropolis Monte-Gario (MMMC)

"Statistical Fragmentation of Hot Atomic Metal Clusters." D. H. E. Gross and P. -A. Hervieux, Z Phys. D 35, 27 (1995)

Comment 1’énergie d’excitation va t-elle étre distribuée parmi les différents degrés de liberté
Internes (vibrations), de translation de rotation ?

Taux de désintégration quantique (régle d’or de Fermi)

dN;;  2m
dt  h

M;¢|?ps(E)

(M, f|* = cste

~ Les transitions complexes sont contrdlées par [ ‘espace des phases accessible au systeme
avec les contraintes de conservation de:

E.D, Pu, Lﬂ,i 'TT, ZT

== | Approche Statistique

Ensemble microcanonique - essentiel pour décrire correctement la thermodynamique des systémes finis

IPN-14/03/05 30



Microcanonical Metropolis Monte-Garlo

o P Free fragments
or on
Coulomb trajectories

>
t=0 7,~2.10"s ‘
(Thermo. Equilibrium)
L >

Chaotic Mixing
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Important car thermodynamique des systémes finis ! ! !

Jo F(xw(x")dx'
jﬂ ( N’

< B om=

e X' est un point de l'espace des phases ()’

o Z = [ w(x')dx est la fonction de partition

w(X')
S w(X)dxX!

est la fonction de distribution de 'ensemble microcanonique
Spin électronique

X' = {Np N ZjSes 00y, Gy Yoty (o0 o, i d oy V2 AL 2 LB Y 2
\

Géométrie
Ensemble microcanonique = Ey, Pg, Lg, N, Z7 fixés !

Moment orbital électronique
Poids microcanonique: w(x')dx' = é(E — Ey)d(P — Pg)d(L — Lg)0(N — Np)d(Z — Zp)dx’
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- N N N A N LY
X {Npi{N;. Z;.Sej, 0.5, GV L v 2 s V2o 12 AL B2 E Y fl};
Zr
Eo = Ec +Eb+E::+I{t+I{r§ P=) p,
J
Fe Z |P? —r3|
1<
a N Ny
Ey _Zlﬁb:a; L= 1,+3 (x,~R.n) x (p; - Po)
J= )
_-"'-.-'f J J
E; = ) Ei:
.j?l _,w.,..'f
i aki P Z N, =Nrp
1 — .
f 2m; i=1
i=1 Ny
Ny frg 2
| Yz =
- :,-':,l J
K- (z L: )
1=1 =1 V]

Coll. P. Parneix and F. Calvo-Lab. PPM et Lab. Physique Quantique-Toulouse
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- ﬂ,i.' _Iﬂ,..' _Iﬂl.;' : ] _Iﬂl.;' " _Iﬂl.;'
x' = {Ng AN, Z;,59.5, 0, };i1§{rj}jill{pj}jil;{ﬁf’j}j=1'{lj}jil;{Et.‘j}jil}

Poids microcanonique: w(x’')dx' = 6(E — Ey)0(P — Py)d(L — Lg)d(N — Np)d(Z — Z7)dx'

Ny Ny ] )
’ TJL d}{ - 3 3 g ]
< F >= f“ x) b (H (27h)3 )(Hl [E?rﬁ}fﬂ'cfrj)
_il:

fﬂ; -w(x’ Jdx!

N Ne
E W= \_fj [ZS?-U G 551 (--]et_,ll

"'f L . , . : .
e fri: nombre de degrés de liberté de rotation du fragment j

e

fF[x )8(E — Ep)8(P — Po)8(L — Lo)

e 7,;: nombre de symétrie du fragment j
Ny 3
< niry,ro.. Ty, ) H d31 ,_rg e gy densité de niveaux vibrationnels du fragment j
3:=1
dFrii o dfrii L, Ny
< (ET )dE;
j_];.[l (2 ,r)]f»; Tri H 'G"U
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L'ensembie Microcanonique (les poids)

Chaque configuration (X)) est associée a un Z wyz(Ng) Z We, W, Wy, W, Wa,
Ng=1
1 "'T_J->(ZT+.""-}—1>
wyz(Ny) = S
7 =N ( Ny —1 Ny-1
N
we (G, Sﬁ-"t}]ﬂ'j = H(ZSE_?' + J-T'EJE_‘-'
=1

dzoj
LUQ“_.'_Hf -'TJ':TJI- f -'TJSUH

Ny |
o1
wr =1 [ ntesrs o) G
i=1 3 LT

. (e
wo =[] pw (BL)AEY  pus(EL) = —— .
’ =1 Y ’ Y T':fvj;'nfijl(h”iﬂ )
> Les plus importants !
J"'fr.f J"'fr.r
wp = [ TL @2, T 6 (L~ Lo)o(P—Po)o(E~ Eo)
=1 =1
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Methode de Metropolis (1)

L’entropie d’un systéme fermé en équilibre statistique complet a la plus grande valeur possible

Zone de [’EDP ayant un poids

{X0, X1, s Xpps Xppt1-.- }+ chaine de Markov

X, ?
== [mportance Sampling, Méthode de Metropolis
IPN-14/03/05 36



Methode de Metropolis (2-MC)

But:é Trouver et explorer la partie de [’espace des phases qui contribue le plus a (F)

1. On commence par générer un élément de ' de facon aléatoire xg — w(xp) = woig

2. On répéte la meme procédure x; — w(X1) = Whew \
3. On calcule w, = *new
Wold

4. Le nouvel état est accepté avec une probabilité w, sinon x; est enregistré avant de continuer.

[y

Apres on explore (F') = % SN F(xn)

e (Quand on passe de x,, & X,41 peu de degrés de liberté doivent etre changés

e N est de l'ordre de événement.s \

S F(xDw(x")dx!
= jﬂr 'LL-‘[:X’]CEX!

< F =
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CCSD(T)/6-311+G(3df) > Le coeur du MMMC!

i N G S O, op E4+ZPE (au) v (eV) Ii/mo (A2} szm.o(:&z) I3;”?ﬂ-0(z§.2) R{.Ex) D (eV) (I, k) In{p)

1 1 A 1 5 0 -37.72589 0.000000 0.0000 0.0000 0.0000  0.76720 0.00000 0.00000
2 1 A 3 3 0 -37.7T917 0.000000 0.0000 0.0000 0.0000 0.76720 0.00000 0.00000
3 2 LDow) 1 1 2 -7h.77837 (.232200 2.7764 2.7764 0.0000  0.62350 5.98737 (2,2) 3.24981
4 2 L{Don) 3 2 2 -T5.75791 0.209800 3.0233 3.0233 0.0000 0.65050 5.43062 (2,2) 3.25365
5 3 L{Dr) 1 1 2 -113.82422 0.049062 11.8262 11.8262 0.0000 1.28700 7.25679 (2,3} 19.29329
6 3 L(Doen) 3 2 2 -113.74810  0.047823  11.8891 11.8891 0.0000  1.29000 5.18544 (2,3) 18.05127
T 3 C(Coy) 1 1 2 -113.78543 0.176400 2.8124 4.1746 6.9870 0.88300 6' 20125 (2,3) 10.67926
§ 3 CDap) 3 1 6 -113.79267  0.161110 3.3192 3.3192 6.6384  0.78700 6.39826 (2,3) 11.04509
9 4 L(Deer) 1 1 2 -151.76200 0.067399  30.1371 30.1371 0.0000 1.895050 4.31603 (2,5) 24.32874
10 4 L(Doew) 3 1 2 -151.73920  0.068026  30.0438 30.0438 0.0000  1.94950 3.69561 (2,5) 23.17758
11 4 C(Dzp) 1 1 4 -151.78067 0.099571 3.9768 10,8631 14.8399  1.23300 4.82407 (2 5) 20.08692
12 4 C(D2x) 3 1 4 -151.74738 0.089866 4.4024 10.1261 14.5285  1.19100 3.91820 (2,5) 19.47235
13 5 LDown) 1 1 2 -189.81595  0.066190 584789 H8.4789 0.0000 256000 5.80587 (3.5) 34.13635
14 5 L(Doen) 3 2 2 -189.73064 0.078405 5B.3638 58.3638 0.0000 2.55000 3.48445 (3,5) 27.32531
15 5 C(Cs) 1 1 1 -189.64652 0.137100 8.3280 14.8329 22.9043  1.33200 1.19541 {3,5) 10.96461
6 5 C(Cz) 3 1 1 -189.70491  0.093690 6.9822 17.7999 23.0031 1.45100 2.78429 (3,5) 22.00066
17T 6 L(Deen) 1 1 2 -227.77243  0.063565  103.1003 103.1003 0.0000  3.21550 3.37397 (5,5) 34.13085
18 6 L{Don) 3 1 2 -227.7TH5T 0.064024  102.9515 102.9515 0.0000 3.21350 3.48662 (5,5) 34.46429
19 6 CDg) 1 1 6 -227.79560 0. 111200 17.9057 17.9160 35.8216  1.46380 4.00446 (5,5) 27.90159
20 6 C(Cow) 3 1 2 -227.70536 0.098552 16.2726 21.4667 37.7393 1.56460 1.54888 (5,5) 17.95206
21 7 LDxr) 1 1 2 -265.80739 0.061928  162.9505 162.9501 0.0000 3.83300 5.51035 (5.11) 46.62335
22 7 LiDsg) 3 2 2 -265.73061 0.058380  165.1399 165.1399 0.0000 3.55650 3. 421[}4 (5,11) 39.94042
23 7 C(Coy) 1 1 2 -265.78847  0.090119  22.6989 33.2893 55,9883  1.67900 4.99551 (5.11) 37.67528
24 T OC(Coy) 3 1 2 -265.T6TE5H 0.077859  24.4609 33.4754 57.9363  1.7T1200 4.42896 (5, 11] 32.06315
25 8 L(Dpew) 1 1 2 -303.80799  0.059952  245.5007 245,5097 0.0000  4.48450 456671 (5,13) 48.82201
26 8 L(Dan) 3 1 2 -303.807T4 0.060272  245.2952 245.2052 0.0000 4.48250 4.55992 (5, 13] 45.69259
27 8 C(Csq) 1 1 8 -303.82401 0.084327  40.3222 40.3222 80.6444  1.83700 5.00256 (5,13) 42.82220
28 8 C(Dygy) 3 1 8 -303.80000 0.077042 39.9843 40,0037 TH.O880  1.83000 4.34923 (5.13) 41.92940
20 9 LDaw) 1 1 2 -341.84056 0.059335  348.2156 348.2156 0.0000 5.10648 6.00668 (5,19) 59.24780
30 9 LDer) 3 1 2 -341.69013 0.054610  351.4200 351.4200 0.0000 513403 1.91333 (5,19) 35.90483
319 CC) 3 1 1 -341.72629  0.069421  56.0323 57.1993 112.4990 2.03993 2. :}914" (5,19) 36.67573
32 9 C(C.) 3 3 1 -341.71505 0.073154 55.2419 58.2259 113.4680 2.04124 2.28561 (5.19) 32.93837




Most stahle isomers B3LYP 6-311+G(3f)

-
Nearly degenerate C6< ‘ @
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7 fragmentation channels: C, C,/C, C,/C,, C,/C/C, , C,/C/C/C; C/C/C/CIC
Mumber of | Desxcitation
emitted channel
fragments
L Cs
2 C;J‘IC: T T T T T T T T I LI LI I T T LI I T LI T I T T T T
CJ/C 100 C_/3C
3 CCiC B Y C /a3l ]
3 C./)C, | LA 5C
C:J"C;J"C r CS 3 - "'H | ||( 4
4 C/CiCiC g0k \ | _
5 CiC/CICIC —~ | | |
=, 60 ||I .
=t 1
w—-; / ﬂ"“'w |
< 0 | [C,/2¢\ -
: [/~
a ' r ;'l
B {0 A |
20 | ".II |
H Y f |
f 5 | \\\l
0 J e i
rvooa by oy s by by oy b by

0 3 o 15 20 25 30
Excitation Energy (eV)
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C (isomer analysis]

Isomer analysis of the C,/C,, C,/C/C and channels """ TT TR TR R R E
_ C, Isomer Analysis |
. . 80 =
LT: Linear Triplet Q | |
LS: Linear Singlet = 60 i3
E - .
£ 40 =
* Cyclic isomeric forms of C;or (', are never observed £ | -
201 1
* Low energy: LS i i
0
* High energy: LT 100l N
8o -
z 60 -
E o -
2 40f =
Allisomeric forms must be included £ 55 I 1
0
5 10 15 20 25

Excitation Energy (eV)
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12{} T T 171 | T T 171 I T T 171 I T T IHI I T T 171 I T T 171
o TOF = 2x10°'s @) -
I o [, \ = @ Other channels |
. . gé a0k Py | ‘:"m i
Including monomer, dimer and trimer evaporation = | i '.I \,Ta i
= 60 3 | U =
IEC{3,-:-1—1—13 E 4{]__ .!|'|I ) __
Ca+C+C—"=Cy+3Cc £ 7 Al :TJ 1
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Equivalence between
MMMC and Weisskopf
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MMMC with rotational effects
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Rotational effects play a very important role in the fragmentation process !
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15 fragmentation channels
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The formation of G3(linear) play a dominant role !
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Theory/Experiment
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Theory/Experiment
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e The formation of C; (linear) play a dominant role

Inclusion of several isomeric forms as well as rotational effects
IS essential to reproduce the experimental ohservations

e For CTMF good agreement with experimental measurements

‘ validation of our MMMC Fragmentation model
(for the first time in the field of atomic clusters!)

Combination of experimental measurements with accurate statistical
Fragmentation simulations can provide a reasonable estimation
of the cluster energy distribution just after the collision

- Existence of a phase transition
(could be observed by increasing the impact velocity)
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