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Photoabsorption spectra of argon cation clusters: Monte Carlo simulations
using many-body polarization

Jose A. Gascon
Department of Chemistry, Louisiana State University, Baton Rouge, Louisiana 70803

Randall W. Hall®
Department of Chemistry and Department of Physics, Louisiana State University,
Baton Rouge, Louisiana 70803

(Received 9 May 2000; accepted 4 August 2000

A simple, semiempirical model that includes many-body polarization is used to study the ground
and excited state properties of Aclusters N=3-23) at 80 K. For purposes of comparison, a
model that does not include many-body polarization is used to study clusterllwigi-27. Monte

Carlo simulations are used to calculate the average properties of these clusters. The model is similar
to one previously used to study argon cation clusters without many-body polarization. The
photoabsorption spectrum is in good agreement with experiment; in particular, the photoabsorption
spectra for cluster sizes 4—10 do not show the blueshift that is seen with models that do not include
many-body polarization. €000 American Institute of Physid$§0021-96060)30141-4

I. INTRODUCTION ergy geometriestad K using MBP to investigate the most
stable clusters in the range Nf=3-26.
The electronic and geometric structures of argon cation
clusters have received both experimehtdfi and
theoretical® 4 interest over the past few years. The focusil. MODEL HAMILTONIAN
has been to understand the extent of delocalization of the o ) .
positive chargéhole) and the evolution of the photoabsorp- . Our Hamllton!ar) USes three basis functions per _atom
tion cross section as a function of cluster size. Previous thes-mcg the charge is in ptype orbital and has the following
oretical studies using a tight-binding motleland a form
diatomics-within-moleculegDIM) approacl* have pre- H=Ha_a+Hart_a+Engptt, (1)

dicted a relatively large blueshift in the photoabsorption, ere the first three terms give the diagonal elements and the
spectrum between three and seven atoms which is not seenjifxt term gives the hopping matrix elemerttty,_», is the

experiment. Neither model included many-body polarizationshort range repulsion interaction between neutral Ar atoms
(MBP), which may be important for polarizable atoms suchand is given by
as argon. Recent DIM calculations have included polariza-

tion effects through a three-body interaction in the simula-  p, = |k,v>< > AeBrij)<k,U|, 2)
tion of photoabsorption spectra. Grigorov and Spiegelrffann kv ij7k

reported calculation foN=3, 4, 8, 13, and 19 at finite tem-
perature while Doltsini®t al?® reported simulations at 0 K
for N=3. However, there has yet to be a study that include
polarization for all clusters fronN=3-23.

In this work, we use a semiempirical tight-binding
Hamiltonian that includes many-body polarization to study
Ary, clusters at finite temperature. The form of the Hamil-
tonian is similar to the one previously ugéend includes
simple, physically reasonable terms, which are either fixe
using known properties such as the polarizability of neutra
Ar or by fitting to the spectral and structural properties of
Ar,, Ary, Ars, and Aj. We calculate the thermally aver-

aged electronic phot.oabsorptlon spectrum and charge d'Str\'Nhere the explicit form foiEygp(k), assuming a Drude os-
bution for clusters witiN=3-23 at a temperature of 80 K. . : g

: . ._cillator model for the fluctuating dipoles on the argon atoms,
We also calculate the photoabsorption spectra without using.

MBP for N=3-27. Finally, we determine the minimum en-

1>l
where|k,v) represents @-type orbital on atonk with ori-
gntationu (representing thé&, ¥, or z directions, andi and
] label atomsH ,,+_4, is the short range repulsion between
the atom with the charge and the neutral atoms:

HAr+_Ar=k2U ;k lk,v)(ATe B i) (k,vl. 3)

dEMBP is the polarization energy of a systemMatoms in the
Presence of a charge:

EMBPZKZU [k,v)Emgp(K)(k,v], (4

3N 2
Eyer()=, = - < ®)
= _— . — — W; s
dE|ectronic mail: rhall@Isu.edu MBP =12 I )\i(k) !
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TABLE |. Parameters of the model Hamiltonian; all numbers are in atomic units.

MBP parameters
A B At B* a b c @ at ) w”

180.845 1.8361 151441 2.1936 1.5949 1.9579 0.6495 11.09 6.5 1.1649 2.2045

Without MBP
A B A" B* a b c Cs Cg a®

172520 1.8314 2164.39 2.2823 1.9159 19782 0.6172 95.310 107.448 5.4341

aSee Ref. 21 for its definition.

X; is the shift in the normal mode minimum due to the field with N=2-3. The model Hamiltonian for the case without

from the charge on atork \; is the normal mode frequency MBP is described in our previous wérkexcept for a modi-

in the absence of the electric field, angis the unperturbed fication in the off diagonal terms that we present in this

atomic normal mode frequency. Equati®® is derived in  Work. The parameters for the current models are shown in
Sec. lll. We note that within the Drude oscillator model Eq. Table I. The procedure for calculating the photoabsorption
5 is the exact solution to aN-body problem. spectrum is as follows: ifa)=3 Caiy|i ) is the eigenvec-

The form of the hopping term is estimated from its form tor of theath state(assumed real angttype functions, then

for a two-atom cluster{W;|T+V;+V;|¥;), where¥; and  the transition dipole between state 0 amébr a given con-
W, are the wave functions of the hoIe being localized infiguration is given by

atomsi andj, respectivelyT is the kinetic energy, and; is

the potential energy of the hole interacting with atards- : . o r§+ rf
suming Slater p-type orbitals we obtain moa=(O0[r |a>:i 127: , CoiyCaj,Sij X 5 |
th7= —ae i e, e,(1+brj+ %bzrﬁ-) wheres]” is the overlap matrix defined above a&iet X, v,

or z. Finally, the photoabsorption intensity is reported as a

2 function of the wavelength:
g(ey’rij)(ey,'rij)(:H'brij) - (6)
wheres}” is the overlap matrix 1(h)= Soﬁ AN N, 2 2 |l‘0a(|)|
s 7=e""iil e e, (14 brj+ 20?rf + b} Ar Ar
] 7’( i] 15 ) X 0O Noa— N+ 7 O N+ 7—)\03 )

2

g(ey-rij )(e,rij)(1+brj;+ 1b2r2) (7)  whereA\ is the resolution in the wavelengt®, is the Heavi-
side step functionlN, the number of sampled configurations,

The parameters of the model are determined from knowmnd

experimental values or by fitting the Arand Ar; ground

and excited state properties fot=1—3. This is distinct 1 4x?

from our previous work? in which only monomer and dimer 0= 4, 3CH

properties were used to determine parameters. The polariz-

gbility aQSdZGCG coefficignt for Ar are taken from the |, \\\\v-BODY POLARIZATION

literature=><> To determinew,, and wa,+, We use the rela-

tion given by Cao and BerA&for a Drude oscillator model We now discuss the inclusion of many-body polariza-

of the atoms, vizCg=jwa” for a pure system an@¢=3  tion. We only include many-body polarization in the diago-

[20105/(w1+ wy) ]y, for a mixture, where ther's are  nal matrix elements of the Hamiltonian, which is consistent

polarizabilities and they's are frequencies of the Drude os- with our previous work. We follow the work by Cao and

cillators. w,, is determined with knowledge @¢ and a,p, . Berné’ and treat the polarizability of the atoms using a

We consider Af as a mixture of Ar and Ar and thus we  Drude model. Since the diagonal matrix elements correspond

need the frequency and polarizability of Ar. We obtaig+  to the charge being localized on one atom, we can write the

by using previously performedb initio calculations of the Hamiltonian for the Drude oscillators as

polarizabilities of Ar and Af and scaling the literature value

of a,, by the ratio of the polarizabilities determined in thie A 7 A T

initio calculations. We assume that the ratio @& is the H=2 ( 2t g) - 52 > piTimy

same as the ratio of ionization potentials of Ar and"Ar '

which was then used to estimatg,+ from w,,. A, B, A", N
B*, a b, and ¢ were determined by fitting to the bond —2 mi-Ei(k),
length, dissociation, and excitation energies fog And Ar; i#k
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where the charge is localized on atdgy; is the dipole 5.0
moment of atomi, Tj; is the dipole—dipole tensor whose
matrix elements are given by T
(&]
. 3r,’J‘r,J—5/“’ S
ij — =
. . -y . . o
a; is the polarizability of atomi, w; is the frequency of =
oscillatori, andE;(k) is the electric field at atormdue to a @
charge on atork. Making the substitutiops; = Va7, the ~ *
Hamiltonian becomes 2
N -2 1 N o 0 i
Z 52 Z z-Mijz— 2, VajoizEi(K), : T s T
=1 —ti=t i 200 300 400 500 600 700 800
where the matrixV;; is defined by A (nm)

Mij= o; 5” VajajoiwTi(1-3§;) . T
(&)
Let us define é
Z:(Zl,...,Zk,...,ZN), Q:(qll"'!QkY""qN)i g
Y=[Vayw,E(K),...0,... NJayonEn(K)]. g
If M is diagonalized viZ =U-Q, whereU is a unitary trans- @
formation, the Hamiltonian becomes »
[«]
16024 10-M’-O— o
2Q°+3Q-M"-Q—=Y-U-Q,
. . . ) 0.0
whereM’ is a diagonal matrix whose elements are the ei- PR SRS I W S B
genvalues oM. If we defineX=Y-U, then the Hamiltonian 200 300 400 500 600 700 800
becomes A (nm)
N2 X2 FIG. 1. Calculated photoabsorption cross section. The curves are vertically
2 Q%+ 2 A (Q| ') vl shifted 0.3<10 *®cn? from each other(a) FromN=3 to 14.(b) FromN
i i =15 to 21.

where\; are the eigenvalues &fl. This is the Hamiltonian
of 3N independent harmonic oscillators with a ground state

energy A. Photoabsorption spectrum
N X2 In Fig. 1 we show the photoabsorption spectra as a func-
2 Z ==, tion of the cluster size. BetweeN=3-14[Fig. 1(a)] we
= N
= i

observe three peaks in the spectra. The first peak is located at

To finally obtain the interaction energy we need to subtracfPOUt 260 nm. It was seen experimentally by Johnson and
the energy of 8! independent Drude oscillators: co-worker® Although this region is commonly referred to as
' a dimer remnant, the average charge for the ground state is

3N ) distributed in a trimer core foN>32! In terms of Aj

Ever= 2, 5 (J_—

states, such energies correspond to states with nodes between
the central atom and its two neighbors?E2').?8 A second

peak is located at about 425 nm and is characterized by the
symmetry 21I,. Although these transitions ¢X;

All calculations are performed at a temperature of 80 K.HZZEJ'ZZHU) are forbidden for a linear symmetric trimer,
The initial configuration is obtained by combining a simu-they emerge due to instantaneous vibrational symmetry
lated annealing with a conjugate gradient minimization forbreaking. A third and main peak is located at about 520 nm
the model without MBP. The starting geometry for this pro-and is associated with the ftransition X [ — 13 . At
cedure is generated by randomly placing tNéh atom  N=10 this main peak redshifts to a final location around 570
around the cluster dl—1 atoms. The minimized geometry nm for N=23. FromN=15[Fig. 1(b)] a high energy shoul-
is then used as the initial configuration in the finite temperader emerges and finally resolvesNi=21. This same trend
ture calculations for both models, with and without MBP. A occurs for the model without MBP foN>14. However,
Monte Carlo (MC) simulation of 120000 steps for small without MBP, for N<14 the spectra continue blueshifting
clusters(3—13 and 80 000(14-23 for large clusters is per- and abruptly redshift al=14. For comparison with previ-
formed to calculate the average properties. ous experimental and theoretical work, we calculate the

IV. RESULTS
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J. Chem. Phys., Vol. 113, No. 17, 1 November 2000 Argon cation clusters 7207

0.6
600 - |
| i os| 2)
580 - L] |
00 oo 04}
E seor oo o —N—N=4
=3 2 03f ~O—N=14
g 40T ® —a—N=20
g 3 < 02F
<
520 | (] (&)
| a this work with MBP 0.1k
§§§ o O Exp. Haberland et al. :
500 - o 000 W Exp. Levingeret. al
© & this work without MBP 00k —N—a—E—E—8
480"" 1 1 1 | I BN NNV S P S R R Er— |
o] 5 10 15 20 25 30 0 2 4 6 8 10 12 14 16 18 20
N n
FIG. 2. Average wavelength at the maximum peak as a function of cluster 0.7
size. (M) Our results using many-body polarization. The solid line through 1 b)
the MBP points is only drawn to guide the eye>) Our results without o6 M
using many-body polarizatiofO) Experiment from Ref. %(V) Experiment
from Ref. 10. 0.5r
o 04} —H—N=4
o —O—N=14
length h i f the photoabsorption @ %3 —=—N=20
wavelength a0 at the maximum of the photoabsorption

spectrum with a resolutioAN =5 nm. The results are shown ﬁ 0.2
in Fig. 2, along with results without using MBP and experi-

ment. A particular feature of the experimental spectra is the
absence of a blueshift for small clusters. Levingeml® 0.0 .= oa-uu
(shown by open triangles in Fig) 2eported spectra of Ar R e U
for sizesN=3-23. They claim that clusters betwelir-4 © 2 4 6 & 10 12 14 16 18 20

0.1

T

and 15 present a similar spectrum to that of Avith a peak n

near 520 nm. Our spectrum for Apresents its peak at 525

nm and it is narrower than the spectrum obtained by Lev- 06} C)
inger et al. by about 30%. Consequently, the peak is higher I

by about 35%. We are not including spin—orbit coupling and —E—N=4
zero-point energy effects which could lead to better agree- —O—N=6
ment in terms of the width and height of the peak. Haberland @ —A—N=8
et al® (shown by open circles in Fig) 2eported no blueshift N ~%/— N=10
from N=3-6 after which they saw mainly a redshift and g —0O—N=12
finally a constant value foN>20. Our results using MBP o —@—N=14
agree very well with this trend. We find a maximum blue-

shift of 5 nm fromN=23-7 which is smaller than the error

bars presented in the experiment by Haberlahdl. From )
N=7 there is virtually no blueshift. It is important to men- 6 18 20
tion that our calculations are based on fitting the excitation

energy for A to 520 nm, therefore our spectra are expected n

to agree better with the spectra obtained by Levirgfeal, FIG. 3. Average hole distribution of the excited states as a function of the

especially for small clusters. In summary, the evolution ofnth atom (=<N) for different regions of the spectrum. Atoms are labeled
the maximum peak as a function of the cluster size agreeg:cording to decreasing charge in the gr_ound state. Representatiye cluster
very well with both experimental works. Although the quali- Sizes are displayeda) UV region. (b) Region around 425 nmric) Main

. Lo . eak region around 520 nm for some cluster sizes Withl5.
tative results of the MBP model are similar to those without” g
MBP for N>14, it is clear that the inclusion of MBP is

important for smaller clusters.
state is localized in a trimer core. Figures 3 and 4 show the

average charge in the excited states for different regions of
the spectrum as a function of tiéh atom (I=n=<N). Fig-

After each 10 Monte Carlo configurations the atoms areures 3a) and 3b) show the excited state charge distribution
labeled in order of decreasing charge in the ground statdor the ultraviolet(UV) region around 260 nm and the region
These configurations are saved for the calculation of the avaround 425 nm foN=4, 14, and 20. All cluster sizes follow
erage charge for the different regions of the spectrum usinthe same trend, i.e., the hole is still localized in a trimer core.
the square of the transition dipole as a weighting factor. FoiThis is expected, since these two regions are already present
all clusters, the average charge distribution in the groundn the photoabsorption spectrum for ArFigure 3c) shows

B. Hole delocalization using MBP

Downloaded 26 Apr 2004 to 130.132.248.10. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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0.20
b
a) a) )
Q, O,
0.15
—O-N=15 . DO DNO
o —O—N=16 o 3 1 2 3 1 2
o —A—N=17 )
« o100 T N= c
o v—N=18 N b
s —e—N=20 04 Gs
O
R o4 o 3 2 3 1 2
e
0 00 n 1 n 1 1 A L L 3 " 1 A 1 n 3 2 f\.L
0 2 4 6 8 10 12 14 16 18 20 FIG. 5. Average geometry of the trimer core fdr= 19 with (a) the fourth
n solvating atom andb) the fifth solvating atom. The average nodal structure
0.20 is also shown.
) b)
0.1 —O—N=15 contributions from three types of excited states. Two contri-
o —O—N=16 butions are obvious foN>14 and lead to the low and high
010 —A—N=17 energy peaks that become resolvedNyy 21. A third con-
© —v—N=18 tribution to the main peak comes from a large number of
< —0—N=20 excited states with small transition moments; we refer to
[&]
0.05 these states as the background.
To analyze the low and high energy regions of the main
;& peak forN>14 we only use those excited states whose val-
ool + 1 ot m‘—’—*‘— ues of the transition dipole are larger than a certain cutoff.
6 2 4 6 & 10 12 14 16 18 20 We choose the cutoff such that states witpg,(l)|?
n <0.5(a.u.j are classified as the background. The cutoff
0.20 value is chosen to resolve the low and high energy peaks and
C) therefore to estimate the wavelength interval for each region.
The intervals are 470 and 515 nm for the high energy peak
0.15r —O—N=15 and 515 and 650 nm for the low energy peak. Figures 4
—O—N=16 and 4b) show the average charge for the high/low energy
g, —A—N=17 | regions, respectively. In the high energy region, about 60%
; 0101 —V—N=18 of the charge is localized in the first five atoms, consistent
e ?‘5@%@3 . —0—N=20 with a higher kinetic energy for that relatively high localiza-
o 0.05 -9-9-9-¥-§- -&@_& tion. In the low energy region, the charge is a little more
’ aﬁ&g. delocalized50% over the first five atomsconsistent with a
' O \V\.\ lower kinetic energy. For the background, the charge is com-
° . . i
N T S S S S S S pletely delocalized over the entire clusf&ig. 4(c)].

0 2 4 6 8 10 12 14 16 18 20’ Since the trimer core and the next two solvating atoms
are the carriers of at least 50% of the charge, we investigate
n . . .
the average location of atoms 4 and 5 relative to the ion core
FIG. 4. Average hole distribution of the excited states as a function of theand the average nodal structure of the electronic states. For
;th atom t@f N) Ifosrtgr‘esi'zoe"i aﬁphi%hafgzziylgeggz)s :if Lh'zn”;fi” rpeeak. the analysis of atom 4, each saved configuration is translated
giiﬁrgrsfn: 70t 515 " (b) Low enerey regiopmﬁ(')m'ms e ng]y(c) and rotated so that atom 1 is at the origin and atom 2 is on
Average hole distributiorifrom 470 to 615 nrfor states whose oscillator  the positiveX axis. The cluster is then rotated about the
strengths are less than a cutpfiug,(1)|2<0.5(a.u.f]. axis so that atom 4 lies in thgy plane with its§y coordinate
greater than zero. Two types of configurations arise, one with
atom 4 near atom 0% of the configurationsand the other
the excited state charge distribution for the main peak aroundith atom 4 near atom 3. A similar analysis was applied to
520 nm forN=<14. A common feature for these cluster sizesthe location of atom 5. We do not attempt to determine the
is the almost zero charge on the first at@rantral atom As  correlations between the locations of atoms 4 and 5. Figure
N increases, the hole is smoothly delocalized over the solvat(a) shows the average geometry of the trimer core and the
ing atoms(atoms labeled 4N) accompanied by a decrease fourth solvating atom in its most probable position for the
in charge on the core. This delocalization effect is correlateatluster with N=19. This is a representative cluster size
to the decreasing of the oscillator strength at the maximunmwvhere low and high energy regions are distinguished from
of the peak and a consequent broadening of the photoabsorfite main peak. Two geometries are shown corresponding to
tion spectrum. In our analysis of the main peak, we findthe high and low energy regions. The average orientation of

Downloaded 26 Apr 2004 to 130.132.248.10. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 113, No. 17, 1 November 2000 Argon cation clusters 7209

the charge-carrying orbital on each atom is calculated by 16F AE 1E

averaging the contributions from the thneerbitals on each > Tl NN e o

atom and is indicated in Fig. 5. In the low energy region, 5 14r ]

atom 1 has almost no charge and the orbital on atom 4 over- T 1o i \ o \

laps constructively with the orbital on atom 2. In the high o “1 ® o

energy region atom 1 has about 13% of the charge and the 2 1ol ../‘\ ..’\ ,/ PN ®

orbital on atom 4 overlaps destructively with the orbital on % 60 %" 8o \

atom 2, consistent with a higher energy. Figutb) shows o 0'8_" ® 4 e

the average geometry for atom 5. In both the low and high 0Bl

energy regions the overlap between atom 5 and atom 2 0100 | AE

seems to be constructive, although in the low energy region - gooooooo'o\ O o o

the overlap is more a bond while in the high energy region > 0075 o OOOQO/\OO/ QO/\O

is more am bond. In the high energy state, the orientation of & 0.050

atom 5 also appears to be correlated to the orientation of = 0025 n - -

atom 1. o N \ f mE /\
5 0.000 .-.l...l\. e -\ / \ u

C. Energy optimization and magic numbers using 005 T -

MBP

2 4 6 8 101214 16 18 20 22 24 26 28
We calculate the minimum energy geometry for the N

model with MBP by using the Powell minimization
procedurég over the saved configurations during the MC run FIG. 6. (Q) Relative binding energy asa function of cluster siZe) First
for N<23. The inclusion of MBP requires adXx N diago- energy difference() Second energy difference.
nalization for each diagonal term of the Hamiltonian, thus
using conjugate gradient minimizatiqwhich requires the
calculation of the gradiehtvould be practically impossible.
Even using the Powell method the time needed to achiev
the optimized geometry is considerable. Therefore, Nor
=20-27 we apply the Powell minimization to a single ge-

charge for the excited states at 80 K is mainly localized on

gve atoms. These atoms are the trimer core and two solvat-
Ing atoms. These are the carriers of greater than 50% of the
total charge. In the third region, the background, the charge

ometry which is obtained by conjugate gradient minimiza-'S completely delocalized over the gnt!re cluster. Wg used the
tion over saved configurations using the model WithoutPoweII method to calculate the optimized geometries at 0 K
MBP. This is justified as the optimized geometries with andang f205und the most stable clusters to bé&lat13, 17, 19, 23,
without MBP are the same than those obtaifiédin DIm ~ 2N% <2
calculations for the range of sizés=20-27.
. . . 0
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