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Optical spectra of hot alkali-metal clusters from the random-matrix model
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We show that the experimentally observed spectra of optical absorption of sodium cluster ions can be
explained in the framework of the same random-matrix model, that has been employed BhyigeRev. Lett.
75, 220 (1995] for the ground-state properties of alkali-metal clusters. This approach reveals the effect of
cluster symmetry “on average” on the optical-absorption profiles, describes their temperature dependence, and
predicts the line shapes of two-photon absorpt{@0163-18226)06335-7

Traditional models of quantum chemistry and condenseda reasonable model, and than we calculate the photoabsorp-
matter physics work for metallic clusters &f~10-1000 tion spectrum of the ensemble with the help of the transfor-
atoms are at the limits of their applicability. The central as-mation rulé for the spectra of quantum systems perturbed by
sumption of molecular physics, that is, adiabatic separatio® random matrix.
of the electronic and nuclear degrees of freedom, fails at We take as an example the Nacluster ion, which has
N=10, when a typical distance between neighboring elecclosed electronic shell structure, and therefore in the ground
tronic termsAE(a.u.)~ 1/N becomes comparable or smaller State it does not experience the spontaneous deformation re-
than a typical nonadiabatic interactiof(a.u.~A, sug- Sulting from the Jahn-Teller mstabﬂﬁpf electronic clouds.
gested by  the Born-Oppenheimer  parametern Fig. 1 we show the spectrum of exited one-electron—one-
A=(my/m,)¥4~1/10. The concept of weakly interacting hole states calculat®dwith the help of the local-density

guasiparticles central to solid-state physics fails, in turn, fo ethod for a spherical jellium model in the random-phase

small clusters oN=<1000 atoms, when the mean free path OfapprOX|mat|on. This mpdell suits our. goal to .f'nQ. an
the electrons,(a.u)~ A 1~ 10 exceeds a typical cluster ra ensemble-average Hamiltonian, since it ignores individual
f U. -~ -

dius R(a.u.y~N¥3 and the electron-phonon interaction no positions of atoms and considers the ionic cores “on aver-
longer results in ,a homogeneous broadening of the excite ge' as a positively charged background. |t also provides the

electronic states. In particular, the optical absorption profileﬁls:IIOOIe rrrllat.nx l:alements fqr thei transmohns among the states.
calculated in the frameworks of the standard moleéuiad or spherically symmetric clusters the representation in
solid-staté approaches for alkali-metal clustersif- 20 at-
oms deviate considerably from the experimentally obsérved 6.0 =
line shapes, and this difference increases when the cluster —
size moves off the limits of applicability of the models. —

In the present paper we show that a conceptually simple 501 = -
random-matrix modélfills the gap between consistent mo-

lecular and solid-state descriptions of the optical-absorption 40 © —

spectra for the alkali-metal clusters of10I<<1000 atoms. - - _ _ -

It not only yields the correct positions of the spectral lines, @ — - _

but also allows one to simulate the line shapes, and thereby B30 — - _ -
reveal information about the structure of clusters hidden in E - - _
the profiles of their optical absorption. Transformation of the = —

optical spectra with an increase of temperatdimds its ex- 20 ¢ - —
planation as well. Moreover, the model allows one to find the - —
two-photon line shapes.

Our approach is applicable to ensembles of vibrationaly 104
excited clusters including different possible isomeric modifi- -
cations. It involves, considering the problem in a basis of 0.0 e
separable electronic and vibrational states. At finite tempera- 0 1 2 3 4 5 6 7 8
tures each of the clusters has an individual electronic Hamil- Angular momentum L

tonian H which depends on the particular vibrational state _
due to the electron-vibrational interaction. The model relies F!G- 1. Energy levels of Nj cluster calculated in the local

on the average Hamiltpniaﬁo of the ensemble and treats density and random phase approximation for the spherically sym-

. . . o . ) metric jellium model with Wigner-Seitz radius=3.93 a.u. Only
nonadiabatic deviationg of the individual Hamiltonian$d 6 states corresponding to a single exited electron and a single hole

from H, as a random perturbation. We therefore consider th@ave been taken into account. The number of the one-electron states
problem in two steps. For an ensemble of clusters of a giveshosen for the basis set ensures the convergency at the energy re-
sizeN we first find the average Hamiltonian in framework of gion essential for the optical absorption.
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terms of the total angular momentumand the correspon-

dent magnetic quantum numbkt is the most convenient. & 60y © Exlf' 130K
We note however, that even for the closed-shell clusters = 50 | ; o iﬁbzre

the mean Hamiltonian of the ensemble is not necessary § 490 [ (a) . — icosahedron |

spherically symmetrié.A residual molecular structure or a 30 | : \ 1

precursor of the crystalline planes of the bulk metal may 20 ¢

affect the “symmetry on average.” This perturbation can 10 |

originate both from the nonspherical shape of the cluster and 0 bl

from the Bragg scattering of electrons at the crystalline struc- 60

ture, which is also unisotropic. It mixes up the states with
differentL andM and lifts up the selection rules for optical
transitions. We allow for these phenomena by adding the
corrections
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he mean Hamiltonian of th herical jellium model.
to the mea amiftonian of the spherical jelliu ode FIG. 2. (a) Experimental profile of the absorption line in §aat

el th cu ic ; :

Here C('-'V') ’ (.:'(-'V')'. C('-'V')' andc,(_M) are the expansion coeffi- T=130 K from Ref. 11(circles and the profiles calculated for the
cients of _eII|p30|d, tef[rahedron, cube, and |c%sahedron OV&L3me temperature for the of spherical “on-average” clustsotid
the spherical harmonicé, v (6,¢), resPeCt'VeM The coef- jing) the cubic perturbatiory=0.18 eV(dotted lind and the icosa-
ficientsa,B,y, and 6 determine the size of each of the per- pegral perturbatiod=0.12 eV(dashed ling By ticks we show the
turbations. They have to be found from the experimentalositions of eigenstates and by vertical lines the correspondent
profiles of the spectral lines by comparing them with the linecross-sections of photo absorptignot to scalg for the mean
shapes calculated with the allowance of the temperature efigmiltonian I:|0(cube) with a=p=56=0; y=0.18 eV. (b) The
fect. We vary only one of these parameters and keep thregrofile for evaporating ensemble at estimated temperafar860
other equal to zero; that enables us to determine the cluster of Ref. 11 (squarey and Ref. 12(filled circles, and the simu-
symmetry “on average.” lated spectrum for the spherical jellium with cubic perturbation

The effect of temperature transforms considerably they=0.18 eV (solid line). Photo absorptiorinot to scalg from the
profiles of optical lines such that the positions and the oscil{irst electronically excited state suggested by the mean Hamiltonian
lator forces of the individual transitions corresponding to theHy(cube is shown for T=50 K (dotted ling and T=150 K
average Hamiltonian of a given symmetry cannot be re{dashed ling
solved. However, they can be found from the line shapes, if
we describe the thermal perturbation with the help of the

random-matrix model. We start with the expression By (V) we denote in Eq(3) the mean-squared random

& 1 coupling of electron terms. Earliérconsidering the proper-
o(w)= _< Im< 0 aA—A_cAj 0> > (2)  ties of alkali-metal clusters in the ground electronic term, we
& hwo—Ho—V—i0 7 have found the similar valug(V?)=(9%%4rmiN)AT,

which gives the mean-squared coupling of one-electron
states in terms of the cluster temperatuiig with
A=0.74x10 (K1) for sodium. Now, dealing with ran-
dom coupling of excited terms, we have to take into account
that each excited one-electron state correspondsl+®
ossible locations of the hole in tiNeatomic cluster ion, and
?herefore according to the sum rule the mean-squared matrix
element of random coupling iN—2 times smaller for

> the electron terms as compared to that for the one-electron

for the ensemble averaggd- - )y probability of optical ab-
sorption from the ground electronic sta@®, whered is the
operator of dipole moment along the direction of electrical
component of the optical field.

The transformation rufefor the spectra of quantum sys-
tems perturbed by a random matrix suggests a simple, pra
tical way to find the ensemble average E2),

d=——=—d|0 (3)  states. It immediately suggests the relation
E(fiw)—Ho—i0 (V?)=(9*14rim2N)AT/(N—2) between the random cou-
by replacing the energy of quantufi=7 by the renormal-  pling and the temperature.
ized energyE(E), which is the continuous frorE=— to In Fig. 2(a) we depict the absorption profiles of Ba
E = solution of the nonlinear complex-valued equation  clusters—at temperature= 130 K calculated for the icosa-
hedral on-average perturbation, Et), with 6=0.12 eV and
~ 1 the cubic on-average perturbation with=0.18 eV—that
E= E+(V2>Trm. (4) have also been averaged over all possible orientations of the
0 cluster with respect to the optical field polarization. With
Apart from the discrete eigenstates, the trace operator alstircles we show the experimentally obsertfedpectrum.
includes the second ionization continuum of the;Neluster.  The tetrahedral and elliptic perturbations move the absorp-
The lowest second continuum startskat~5.6 eV. tion profile off the experimentally observed one. One can see

52
o(w)= ?Im< 0
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that the icosahedral and cubic perturbations yield almost
equally good agreement with the experimental data of Ref.

e
%

11 for the linear absorption in an ensemble of clusters at the T e
temperatureT=130 K. We note that the cubic symmetry = | -~ icosahedron 0.12

e
EN

corresponds to the crystalline structure of the bulk sodium,
and the icosahedral symmetry might be favored by the liquid
phase, where each atom has, on-average, five neighbors.
In Fig. 2(b) we show the absorption profile of clusters at
T=2360 K calculated for the cubic perturbation and the spec-
trum of Naj; observed'?in an evaporative ensemble with
the estimated typical temperatufe= 360 K. One sees that
the position and the width of the theoretical profile coincides
with the experimental contour. However, a noticeable dis-
crepancy among the theoretical profile and the experimental
data obtained in slightly different experimental conditions of
oo a0 0 e e o, . Tusproton absopion 813 K crespondin
. " o . excitation of one electron-hole pair in the culiolid ling), the
sorption maxima, although the positions and the width Oficosahedral(dashed ling and the spherical “on average” cluster

these maxima are different. _ _ Naj; Absorption probabilitys®(w)[sec '] is normalized to the
The mean Hamiltonian with cubic perturbation suggestsquare of laser field intensitf MW/cn?].

an explanation of this additional absorption: it corresponds to

the transitions from the lowest electronically excited state. o
This state originates from the sevenfold degenerate Ievq;.(12>(w):T|m< d= _ d= -
with L=3 andE~0.4 eV of the spherical clustésee Fig. hem E(fiw)—Hy—i0 E(2hw)—Hy—i0

1), split by the cubic perturbation. The lowest splitting com-

ponent locates & ~0.11 eV, and therefore it can be easily % O 1 _ q O> . (5)
populated either as a result of thermal motion or in the E*(hw)—Hy+i0

course of accommodation of the laser-induced electronic ex-

citation employed in the experiments for cluster heating. InThe main argument in favor of this approximation is a large
the last case clusters cascade down over the electronic eglifference between typical detunings from the resonance of
cited states and might be retained at the lowest one. In Figntermediate levels contributing to the two-photon transition
2(b) we show the optical absorption from the lowest excitegamplitudes and an energy distance at which the correlation of
state calculated for two different temperatures. The differState densities becomes important: The last is of the order of
ence in the experimental data may therefore be explained Bji€ inverse dens!ty of states, whereas thg first is of the order
the difference in temperature of the electronically excited®f the spectral width of the linear absorption.

species. It suggests an explanation of the difference, ob- N Fig- 3 we show the line shapes of two-photon reso-
nances calculated for the icosahedral and cubic perturbations.

served in two experiments Refs. 11 and 12, different prepa\Ne also show the two-photon resonance curve for the clus-

ration of the cluster ensembles results in different temperat—ers that are spherically symmetric on average. The main

tures of the electrically excited clusters. Motivated by such I .
) . ccfntrlbutlon to the cross section results from the two-photon
good agreement between the theoretical and the experlmentta

. . . X ransitions to the states with=0 andL =2 near the energy
profiles of the linear absorption, we now consider two-

hot b i . b i ¢ h ; | =4 eV (see Fig. ] that pass via the intermediate state
photon absorption, since observation of SUCh spectra CoWfl_ . g5 ey and the transitions to the states 0,2 in the

confirm or refute the theoretical assumptions and the numerlénergy intervaE=5—6 eV that have an intermediate reso-
ca! values of the cqnstantsﬁ,y,c? e'mployed fqr.c.Jur callcu? nance at the plasmon frequency.
Iatl'ons. Moreover, it may glso proylde a possibility to distin-  \we conclude by summarizing the main results. The
guish between the cubic and icosahedral symmetry ORandom-matrix model allows one to calculate the optical-
average, of the Nj cluster ensemble. absorption profiles of hot metallic clusters Nf~10-1000
Two-photon resonances in clusters can be of two differenatoms at different temperatures, for which the nonadiabatic
types. They can result in the creation of one electron-holénteractions of vibrational and electronic motions cannot be
pair or yield two such elementary excitations. We concenadequately taken into account by the standard methods of
trate here only on the two-photon absorption of the first typequantum chemistry and solid-state physics. It also suggests a
Corresponding cross sections can be found from the matriway to extract the information hidden in this profile about
of dipole moments and the levels scheme, Fig. 1, of the meatine average symmetry of clusters originating from the re-
Hamiltonian with the allowance of the correction of Efj), sidual molecular structure or the precursor of crystalline
provided one neglects the correlations of state densities istructure of metals. Comparison of the calculated two-photon
the ensemble of clusters. In this case we apply the transfoline shapes with the results of the future femtosecond laser
mation rule of Eq(3) independently to each of the resonanceexperiments will give an additional possibility to investigate
denominators in the standard expres$fdar the two-photon  the average symmetry of clusters and refine the models em-
transition probability, and obtain ployed for the calculation of the “average” spectrum.
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