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Ab Initio Photoabsorption Spectra and Structures of Small Semiconductor and Metal Clusters
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Ab initio photoabsorption cross sections of small silicon and alkali clusters (Li,Na) have been
calculated by a new method. Different structural isomers of a given silicon cluster give rise to clearly
distinguishable spectra. Inclusion of screening effects is shown to be essential to describe the spectra.
We propose that comparison of theoretical spectra with measured ones would serve as a useful tool to
discern the structure of small semiconductor clusters. Low temperature measurements and/or line-shape
analysis are needed to extract detailed structural information from the spectra of alkali clusters because
of the collective character of the main resonance. [S0031-9007(96)00571-6]

PACS numbers: 36.40.Mr, 31.15.Ar

The interplay between the electronic degrees of freedorapectra of alkali metal clusters like Neor Ky is domi-
and the geometrical structure in small atomic aggregatesated by a collective resonance (surface plasmon) that can
has attracted a lot of interest [1,2]. The determination obe described by the classical Mie dipole oscillation, whose
the geometry of clusters is central for a deeper understandrequency is given bw? = ¢2N/mR?, wheree andm are
ing of their electronic, chemical, and magnetic propertiesthe electron charge and mass, respectivilys the num-
Both metal and semiconductor clusters undergo substantigker of conduction electrons in the droplet, ahdhe drop-
structural reconstruction as they grow, which affects theitet radius. However, the observed resonance is shifted to
chemical reactivity, photofragmentation, and Raman andbwer frequencies, and the magnitude of this shift is semi-
photoelectron spectra [3—5], but no systematic method aljuantitatively reproduced by the TDLDA within the frame-
lowing for extraction of the geometry from experiment is work of the spherical jellium (homogeneous background)
available yet. model [2]. In some small clusters, the plasmon line is

The measured multiphoton absorption spectra of mesplit into two or three components, reflecting the devia-
dium size silicon clusters (i 18 = N = 41) show simi-  tion of the overall cluster shape from spherical symmetry.
larities with the spectrum of bulk crystalline silicon [6]. This splitting is also explained by allowing for ellipsoidal
This indicates that Si clusters formed by tens of atomsr more complex shape deformations in the jellium model
have already developed a common basic structural entity2,11]. But, for Li clusters, the shift of the plasmon line
However, for small sizes, the photoelectron spectra seemnd its broadening are larger than in Na and K clusters
to mirror the changes in geometrical structure [5,7]. Ra{12]. An explanation of these effects cannot be achieved
man spectroscopy has been used for the identification afithin the context of the jellium model since they are
isomers in small silicon clusters [4], arriving at structuresrelated to the ionic contributions to the electronic effec-
showing good agreement with those predicted by theotive mass. Although no direct information about cluster
retical calculations [7]. In a recent theoretical analysisgeometries has been extracted from the Li experiments,
of the ultraviolet spectra of small silicon cluster anions,ab initio molecular dynamics simulations have provided
Binggeli and Chelikowsky [8] have shown the importancepredictions of the packing and growth of small and medium
of structural relaxation of the charged cluster with respecsize Li clusters [13].
to the neutral one. By comparing the density of electronic Thermal broadening of the optical spectra reflects an
states of different isomers obtained in a density-functionalmportant coupling to vibrations in both metallic [14] and
(LDA) calculation with the measured photoemission specsemiconductor clusters [6]. This has been studied in de-
tra [5], Binggeli and Chelikowsky were able to identify tail by Ellert et al. [14]. The spectra of small sodium
the relevant isomers. In the present paper, we perforrolusters at temperatures higher than 350 K can be ex-
linear response calculations within the time-dependent loplained by considering the cluster as a soft homogeneous
cal density-functional formalism (TDLDA) [9], and we droplet, not necessarily spherical. However, the low tem-
show that a simple consideration of particle-hole excitaperature spectra contains sharp molecularlike features that
tions, as reflected in the single-particle density of states, ishould reveal the detailed geometric structure of the cold
not enough to describe in detail the photoabsorption speluster [15].
tra of small silicon clusters; that is, electron screening and In this Letter, we focus on the ability to extract detailed
final state effects play a significant role. geometrical information by a comparison of the measured

This is even more evident in the case of metallic clusterphotoabsorption spectra and the polarizabilities of small
[10]. In contrast to semiconductors, the photoabsorptiori [1,16] and Si clusters [6,17] with the TDLDA spectra
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of several low energy isomers (for a given cluster size) As a first test case of the new response method, we con-
calculated by a new method to compute the dielectric resider L because accurate photoabsorption cross sections
sponse, including local-field and screening effects, develhave been measured for this cluster which do not fit into
oped recently by some of us [18]. The dielectric responsethe free-electron picture [16]. Our calculated ground-state
as obtained in linear response theory, is not only a key ingeometry, shown in the inset of Fig. 1, is a centered trigo-
gredient to explain the optical spectra but also an importarmal prism with an atom capping one of the rectangular
ingredient in the description of quasiparticle excitationsfaces, in agreement with that obtained by Sung, Kawali,
within a perturbation expansion of the self-energy operaand Weare [13]. The average bond lengtl2.is A, and
tor in theGW method [19]. TheGW approximation has the radius of an equivalent sphere with the same volume
been successfully used by Onielzal. [20] to include exci-  of the cluster isk = 2.4 A. Classically the polarizability
tonic effects in the absorption spectrum of,;NeDynami-  of a spherical metallic droplet of radidsis proportional to
cal screening significantly affects the static and dynamicaR?. Some quantum effects can be included by measuring
response of atoms, molecules, and solids to an externgie droplet radius bR + &, wheres = 0.8 A represents
electromagnetic field. Compared to independent-particléhe electronic spillout [2,21]. Then we estimate a polariz-
calculations, the linear and nonlinear polarizabilities areability « = 32 A3. Ourab initio averaged valué(am +
reduced [1,21]. For large frequencies (as probed in phoa,, + «,.) gives 33 A, and a linear response calcula-
toemission experiments) the collective effects tend to shiftion within the spherical jellium model gives = 63 A3.
oscillator strength to higher frequencies, and, in the casghe large discrepancy between the two linear response cal-
of metallic clusters, several particle-hole transitions ofterculations is due to the compression of the bond length
lose their individual identity and merge into a broadenedwith respect to the bulk value, a usual effect in metal-
collective resonance [9]. lic clusters [21] which is not included in the jellium model.
Theab initio density-functional pseudopotential scheme |n the classical Mie theory, the lower the polarizability
has been combined with a conjugate-gradient methoghe larger the collective resonance frequency. Then a blue-
to obtain the geometry that minimizes the ground-statghift of the resonance frequency with respect to the jellium
energy of the cluster. The LDA was used for exchangeyalue of 3.5 eV should be expected; instead, a redshift of
and correlation effects [22]. The clusters are described eV is observed in the experiment [16]. In Fig. 1 the
using a periodic fcc supercell of edge= 36 a.u. Norm-  ab initio averaged photoabsorption cross section is com-
conserving pseudopotentials have been generated as pggared to the independent-particle and jellium model cross
posed in Ref. [23], and a plane-wave energy cutoff ofsections. A broadening of 0.1 eV was used to simulate
10 Ry was used. Convergence in both energy cutoff and
cell size has been carefully tested. The theory for there .
sponse to an external field within the TDLDA has been L
described elsewhere [9,18]. The main ingredient is the 1 i)
computation of the dielectric functics(#,, 7», @) in a spa- 5 myle) 1
tial grid. We take advantage of the short range of the di- ---- jellium -
electric function, and for each point we consider points
7> within a localization sphere of radius 9.5 A; in this way _
the number of pair§r,, 7») wheres(7,, 7>, w) needs to be = i
evaluated is reduced significantly. The combination of this 5 , [ B |
localization range with an imaginary-time technique for the £ L v |1
dynamical calculation leads toX? scaling of the method £ : 2x e -
[18]. Inthe present work(7, 72, w) is computed by sum- & 4 - A I D
mation over occupied and unoccupied bands by includin¢® i ¥l :
60 bands per atom; this gives a good convergency in th: £ oAl ) !

en
|

range of frequencies under study. Once the ground-stai o ; fJf_Ercwl i ) i o
wave functions have been computed, they are fast-Fourie ' ;" WolA s oLl
transformed to a real-space mesh and truncated for poin : A Y A ,'/‘ = \\_ ]
outside the unit cell [24]. This allows us to perform all ,__/ L 4 Tt =\\
the response calculations in real space. The scheme (s = 0 l—s——=r—ie=t" : — '
Ref. [18] for details) is faster than traditional Fourier- t E o (eV) % ;.

space calculations. Although single-particle excitations
are not well described as differences of LDA eigenvaluesFIG. 1. Averaged TDLDA photoabsorption cross section for
Petersilkaet al.[25] have proved that time-dependent Lis obtained inab initio and jellium calculations. The con-

density-functional theory allows the calculation of excita-inuous and dotted curves correspond to the fully interacting
and independent-particle response, respectively. The experi-

tion energies. Thus we expect th_at the present absorpt'%ental resonance frequency of 2.5 eV is indicated by the ver-
spectra would reproduce the main features of the expertical arrow. The inset shows the ground-state geometry from
mental one, besides excitonic effects. total energy minimization.
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temperature effects. The nearly isotropic polarizability B G2 R R IR R D SR R T (2
tensor explains the presence of a unique resonance S 5iy (D) Si,(T,)
2.45 eV in theab initio spectrum, in very good agree- 4
ment with the experimental value of 2.5 eV [16]. The
redshift with respect to the jellium frequency is due to an
increase of the electronic effective mas$, sincew? =
e’N/m*a. The arguments given above lead #g ~
1.4m, much larger than for other alkali clusters and in
agreement with the experimental observations for plana
surfaces and large Li clusters [12]. A new feature pre-
dicted by the present calculation is a broad hump in theg :
absorption spectra for frequencies above 4 eV thatis corz 4
nected with the onset of the LDA ionization threshold '
(4 eV) and which consists of mainly particle-hole transi- 3
tions already present in the independent-particle absorptic
cross section. Experiments could observe this new struc
ture in the spectrum that is absent in other alkali cluster: 1
of similar size.

We briefly comment on the results for NaThe ground- B
state structure (bicapped octahedrbg; symmetry) leads
to a polarizability tensor with two different components _ ) )
(o — 113 and 125 A) and two close-ying peaks are ob- £0: 2 The 21rager prowabsorpior soss secone o 5
talneq n Fhe photoabsqrptlon cross section. The averagelq o?otted CL?I’VGS correspond to the fully interacting and
polarizability of 119 A3 is in good agreement with the ex- independent-particle response, respectively.
perimental value ofi23 A3 [1]. Once a broadening of
the resonances is introduced we obtain a main peak cen-
tered at 2.55 eV [26] (the experimental value is 2.53 eMted for the isomers discussed above. All the spectra have
[1] and the spherical jellium value is 2.9 eV [21]). The been broadened by 0.1 eV to simulate finite temperature.
compact tetrahedral structure of an isomer withsym-  As a general trend we predict a broad structure starting
metry (tetracapped tetrahedron) [15] leads to an isotropiaround 3 eV that agrees with the features seen in the mea-
polarizability tensor and a single resonance peak. Corsured multiphoton absorption spectra for larger clusters
sequently, low temperature measurements and line-shajf@g]. More important, different isomers of the same clus-
analysis are needed to distinguish between the two isder lead to very different photoabsorption cross sections.
mers. On the other hand, a comparison of the interactingven more striking differences are obtained for each ten-
and single-particle cross sections shows that inclusion ador component of the absorption cross section. inits#
exchange-correlation effects in the dielectric response iabsorption tensor is isotropic for the three-dimensidnal
required to get the correct resonance frequency. structure, whereas for the planBs, structure it shows a

As a second class of systems, we apply our approach &trong reduction of the absorption in the perpendicular di-
silicon clusters. Raman spectroscopy has allowed the idemection to the plane. Comparing the independent-particle
tification of the geometry of $iand Si [4], andab initio  spectra to the fully interacting ones shows that electron-
calculations of their structure have also been performeelectron interactions induce a blueshift (more pronounced
[7,8]. The ground-state geometry that we have obtaineth Sig) and an important redistribution of the oscillator
for Siy is a planar rhombudX,;). Thisis shown in Fig. 2 strength. The effect is smaller than in metallic clusters but
together with a tetrahedral isomef,) 1.7 eV above in still important to have a correct description of the peak po-
energy. Two nearly isoenergetic structures are predictesitions and intensities seen in photoemission experiments
for Sig: a distorted octahedrorDf;,) and an edge-capped as compared to the simpler density of states arguments
trigonal bipyramid C,,), the first one slightly more stable used before [8]. The finite-size quantum-confinement ef-
(0.02 eV). The distortion of the octahedron (2247 is the  fects are responsible for the appearance of absorption in
ratio of bond lengths shown in Fig. 2) is slightly smaller the optical range and the onset of absorption is due to plas-
than the distortion (2.54.93) given in Ref. [7]. Thiswill monlike resonances (as obtained in a jellium model). This
increase a little thé,, and decrease the, Raman active shows that small clusters can present different optical prop-
modes, improving the agreement with the experiment [4]erties compared to the bulk material.
Our minimum energy structures coincide with those ex- Recent measurements [17] of the static polarizability
perimentally identified. of Siy (N = 8) indicate a pronounced oscillation with

Figure 2 shows that one can extract isomeric informacluster size and that for large clustei < N < 120)
tion from the photoabsorption spectra. The calculated sinthe polarizabilities reach values below the bulk limit of
gle photon averaged absorption profiles have been ploB.71 A3 per atom. The last feature contrasts with the case
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