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Optical response of small silver clusters
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The time-dependent local-density approximation is applied to the optical response of the silver clusters,
Ag,, Ags, Agg, and Ag . The calculation includes all the electrons beyond the closed-shé&if Agnic core,
thus including explicitly the filled! shell in the response. The excitation energy of the strong surface plasmon
near 4 eV agrees well with experiment. The theoretical transition strength is quenched by a factor of 4 with
respect to the purs-electron sum rule in Agdue to thed electrons. Also, in this system the theoretical
integrated strength function is remarkably well described by the Mie theory using the bulk dielectric constant.
However, the strength is somewhat less than reported experimef&l§50-29479)04511-4

PACS numbgs): 36.40—c, 33.20-t

[. INTRODUCTION a frequency related to the number density by wy
= \J47e’n/3m. At the bulk density of silver, this gives an
The optical response of clusters of IB elements has beeexcitation energy of 5.2 eV. The second limiting case is the
an interesting theoretical challenge: while their chemistry isMie theory, treating the cluster as a classical dielectric
dominated by the atom’s single valengelectron, the elec- sphere. The Mie theory in the long wavelength limit gives
trical properties are strongly influenced by the nearby filledthe optical absorption cross section[a5]
d-shell. For example, one of the interesting phenomena that 3
has been attributed to theelectrons is the blue shift of the o= 4mwR m €(w)—1 (1)
surface plasmon for small clustefé—3]. The d-electrons c e(w)+2’
also strongly screen the oscillator strength of the valence . ) ) . .
electrons, and this raises the question of whether the theorgjher_eR is the radius of the sphere arflw) is the dielectric
is consistent with the measured oscillator strength, which arfinction. In Fig. 1 we show the result expressed as the cross
only somewhat below the full sum for theeelectrond4—6].  Section per atom, taking(w) from Ref.[16]. The graph also
Up to now, thed-electrons have been treated only implic- Shows the integrated oscillator strength per atdma/N
itly by a dielectric approximatiofi7]. We shall calculate here =2 <efi/N. We see that there is a sharp peak at 3.5 to 3.6
the optical response explicitly including tlieelectrons, us- eV, but that the oscillator strength is only 1/6 of the sum rule
ing the time-dependent local density approximationfor s-electrons. Thus the effect of the screening is to push the
(TDLDA). This will address two main questions. The first is s-electron surface plasmon down from 5.2 to 3.5 eV, to-
whether the TDLDA can be a good approximation in sys-gether with a strong quenching of the oscillator strength.
tems withd-electrons, extended its domain of usefulness be-

yond s- and p-electron systems. For those systems, many II. TDLDA METHOD
studies have shown the TDLDA to be a very good approxi- ) ) )
mation to describe the optical excitati¢8s14]. By compar- The details of our implementation of the TDLDA are

ing theoretical and experimental spectra for the silver clusgiven in Ref.[17-20. The calculation is performed in real

ters, we shall see how well the TDLDA does for a simple )

d-electron material. The other question a detailed calculation
can address is the validity of simpler approximations that are g b |
often made. In particular, one would like to treat part or all z '
of the system macroscopically using a bulk dielectric func- 5 06k
tions. For this question, we will compare the TDLDA with s
Mie theory and the hybrid models that treat thelectrons in % o4
this way. Z
Before describing the TDLDA, we recall the results of the ° o2t
simplest theories. The first is the free-electron model includ-
ing only thes-electrons, as in the jellium theory. This pro- 00 5 = . p o 10

duces a collective mode with all of the oscillator strength at E
nergy (eV)

FIG. 1. Mie theory of the optical absorption spectrum of silver
*Electronic address: yabana@nt.sc.niigata-u.ac.jp clusters. Solid line is the absorption cross section per atom, and the
TElectronic address: bertsch@phys.washington.edu dashed line is the integrated oscillator strength per atom.
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time, which has the advantage that the entire response is TABLE I. Atomic properties of Ag in the TDLDA. The ioniza-
calculated at once, and only a Fourier transformation igion potential(IP) on the first row is calculated by the static energy
needed to extract strengths of individual excitations. Thelifference of the silver atom and the singly-charged ion. See the
Hamiltonian we employ is one that has been frequently useéfxt for explanation of the other entries.

in static calculations. The electron-electron interaction is

treated in the local density approximation following the pre- Spherical basis Lattice Experiment
scrip':;on (:f Fi_efl.[21]. Th_e iotnic pli)ten'gial is tlrea'tut-:‘id in éhe IP (eV) 8.0 8.0 eV 775 eV
pseudopotential approximation keeping only tHe an e,— e, (eV) 39 eV 3.9eV
s-electrons active. Thé-dependent pseudopotentials Were oy 4.07 eV 413 eV 374 eV
constructed according to the method of Troullier and Martins, *® 0'53 0.66 0'7[32]

) : bs . . )
[22]. We showed in Ref[23] that for the atom the resulting e, (eV) 29 eV 71 eV
pseudopotential is adequate to describe the eIectromagneEEf (;\/) 7.6 oV 7'7 Y 8.2 eV
response well into the continuum, even though the sum rulesP® ' ' '

become ambiguoug23]. We make one further approxima-
tion in the Hamiltonian, treating the nonlocality in the

pseudopotential by the method of Kleinman and BylandePdQEd the 0.25 A mesh adequate for our purposes. We also

541 Th imation tak | i ; tshow in Table | some physical quantities of interest: the
[24]. The approximation takes one angular momentum sta fonization potential, the energy of the lowest excited state,

as given by the radial pseudopotential and corrects the Othe%d its oscillator strength. Although it is tempting to interpret

by adding a separable function. A potential problem of thisthe Kohn-Sham eigenvalues as orbital energies, it is well

methodffhthat t?elre m?ggf 3\?“:'0133 t(rd]eelply Ibound ftaées khown that the ionization potential is not well reproduced by
some ot the partial wav - e take the local wave 1o be o highest electron’s eigenvalue. In our case here, the nega-

the Swave, which aV(.)'dS the d|ﬁ|culty._ . . _tive of the s-orbital energy, 4.6 eV, is quite far from the
The critical numerical parameters in the implementation

f the TDLDA dinat his th h empirical 7.5 eV ionization potential. However, the LDA
orthe on a coordinate-space mesn 1S e MEsh Spagy,aq 1y ch petter when the total energies of the Ag atom and
ing Ax, the shape and size of the volume in which the elec-the Ag" ion are compared. We quote this number as “I.P.”
tron wave functions are calculated, and the step Aizef : L

S . ) in Table I. The next quantity we examine is the excitation
the time integration. We use a mesh sive=0.25 A, which energy of the lowest excited state. The state has a predomi-

is justified in the next section that examines atomic proper-

ties. For the volume geometry we take a sphere of radius gant d'%p* character; the difference in orbital energies is
i . ; e . uoted as€,—e) in Table |. The physical excitation ener
A. From experience with the jellium model, the collective & e Phy 9y

f f hould b te 10 0.1 eV including interaction effects is shown on the liggs. The
resonance frequency o Aghould be accurate 10 V.1 €V haoretical values are obtained from the peak position in the
with this box size, and the smaller clusters will be describe

telv. The last cal mist i ourier transform of the TDLDA response. We see that
€ven more accurately. 1he last numerical paramsteanust . eq_dimensional mesh agrees to 0.1 eV with the spherical

be _small cpmpared to the inverse energy scale of the Hami basis calculation on these energies. However, the experimen-
tonian, which In trn is coptrolled bx in our method. We 5 oy citation energy is lower than theory by about 10%; this
find that th? integration is stable and accurate takily ey sets the scale of the intrinsic limitations of the
—0.001 ev'~. The equations are integrated to a total time oftpy) pA | the last line, we display the oscillator strength

T=50 #/eV. The inverse of this time corresponds to the yggqciated with the transition between the ground and ex-
energy resolution of the theoretical spectrum. cited state. Here there is some disagreement between the
spherical results and the three-dimensional results. This
lIl. ATOMIC PROPERTIES _might be due to the different treatment of the pseudopotential
in the two cases. The three-dimensional treatment used the
Before presenting the results on silver clusters, we examKleinman-Bylander method to treat the nonlocality of the
ine the accuracy of our three-dimensional coordinate-spaggseudopotential, while in the spherical basis, ltdependent
numerical method for atomic properties. We have consideredlonlocality is treated exactly. In any case, the three-
the TDLDA treatment of IB atoms in an earlier publication dimensional result is within 10% of the empirical value. We
[23]. There we used a spherical basis and the emphasis wasso include in Table | the energies associated with the exci-
on the validity of the pseudopotential approximation for cal-tation of ad-electron to thep-orbital.
culating the response and its sum rule. Here we use those
results to test the implementation of the Kohn-Sham equa-
tions on a three-dimensional mesh, which of course is much
more inefficient than the spherical representation for atomic We next examine the Agdimer. We take the nuclear
systems. Comparison of the two methods is given in Table Iseparation distance at 2.612 A from the calculations of Ref.
We find, with a mesh of 02 A , that orbital energies are 26. The response averaged over directions is shown in Fig. 2.
reproduced to an accuracy of about 0.1 eV. The ground stafEhe s—p transition is split into two modes, a longitudinal
configuration of the Ag atom ig'%? with Kohn-Sham or- mode at 3.2 eV and a transverse mode at 4.9 eV. Experimen-
bital energies of thel-, s-, andp-orbitals having values -7.8, tally, the dimer has only been studied in matrices which are
-4.6 and -0.7 eV, respectively. In the 3-D mesh, the lack ofsubject to environmental shifts of the order of tenths of an
spherical symmetry also splits tldeorbitals by about 0.1 eV. electron volt. Absorption peaks have been identified at 3.0
The intrinsic limitations of the TDLDA on physical quanti- eV and 4.7 eV which very likely correspond to the two
ties are certainly beyond the 0.1 eV accuracy level, so wenodes found theoretically. In emission, these states are

IV. SILVER DIMER AND TRIMER



PRA 60 OPTICAL RESPONSE OF SMALL SILVER CLUSTERS 3811

10 T T . y
14 | .
3
8 12t .
o 6 ] 10r 1
S
% ] w 8 1
ar ann 6+ ]
"N A
0 M bl Al 2t A“ b y
0 5 10 15 20 0 . Ll KAV Y
Energy (eV) 0 2 4 6 8 10

Energy (eV)
FIG. 2. Optical absorption spectrum of AgSolid lines show

the Fourier transform of the TDLDA response; dashed lines show FIG. 4. Optical Absorption spectrum of AgResults for two

the integrated strength. Arrows indicate peaks measured on clustegeometries are shownTsolid lineg and D,y (dashed lines Ar-

in an argon matri{16]. rows show the position of excitations observed in argon-matrix
clusters,[6].

shifted somewhat lower, to 2.8 and 4.5 eV. These numberseveral states. The more complex spectrum may be due to
are probably a better measure of the free cluster energiege low ionization potential of Ag According to the Kohn-
judging by the behavior of silver atoms in a matrix. The Sham eigenvalue, the binding of the highest occupied orbital
lower state is strongly coupled to vibrations in the data ofis 3.5 eV, permitting Rydberg states in this region. There is a
Ref.[27], supporting the interpretation of the mode as a lon-quantum chemistry calculation of the spectral properties of
gitudinal excitation. In summary, the TDLDA reproduces theA93 excitations in the visible region of the Spectrl[ﬁg]_
splitting of the longitudinal and transverse modes quite acThis calculation predicted an integrated strength below 3.5
curately, but the average frequency of the mode is probablgy of f.~0.6, neglecting the screening of thelectrons. In

too high by the same amount that we found for the atom. Weomparison we find for the same integration lihit=0.1, a
conclude that the interaction physics between the two atomgctor of 6 smaller.

is reasonably described by the TDLDA.

The picture of two nearly independent states on the two V. Agg AND Agd
atoms is qualitatively valid also in considering the oscillator )
strengths of the transitions. The theoretical ratio of strengths e shall now see that collective features of the response
for the two states is very close to 2:1, which is expected fo?€COMe prominent going to eight-electron clusters. In the
the two transverse modes compared to the single Iongitudin&l'ka“ metalsl, clusters with elght.valenc_e electrons have. a
mode. However, the total strength of the sharp states, 1.08harp collective resonance associated with a ng:-arly sphencal
electrons, is only 80% of the theoretical strength for sepaCluster shape and filled shells of the delocalized orbitals.
rated atoms. Thus a significant fraction of strength goes to 4"€S€ Systems have been modeled with the spherical jellium

higher spectral region. We shall see that much of the shift i@PProximation, and the gross features of the collective reso-
to the region 5 to 6 eV, where experimental data is still@nce are reproduced. The IB metals are quite different from

available. the 1A alkali metals, however, in that the occupikdrbitals
The silver trimer is predicted to have a shape of an isos@'® close to the Fermi surface and strongly screen the

celes triangle with nearly equal sides. There are two nearly €/ectrons. On the experimental side, the studies of 8¢
degenerate geometri¢sorresponding to the E symmetry of and Ag, [l]_seem to _show that the oscillator strgngth_of the
the equilateral triang)ewith the 2B state in an obtuse tri- S-€lectrons is not seriously quenched by thpolarizability.
angle predicted to be lowest in most calculations. Our calcuén important motivation of our study then is to see whether
lation uses the obtuse geometigeometry )} of Ref.[26].  the simple arguments made for a stratgcreening are in
The absorption spectrum of Ads shown in Fig. 3. We see fact borne out by the theory treating tldeelectrons on an

that the absorption in the 3—5 eV region is spread out amongdual footing. _ o
There are two competing geometries in eight-atom clus-

ters of s-electron elements, havinggTand D,y symmetry.

10 T T T . .
We have calculated the response of both geometries, taking

g | | the bond lengths from Ref.26]. The optical absorption
strength function is shown in Fig. 4. Also shown with arrows
m 6F L are the two experimental absorption peaks seen in [Béf.
il i The peak locations agree very well with the theoretical spec-
° oar T ] trum based on the jTgeometry. But one should remember

g that the matrix spectrum is likely to be shifted by a few
] tenths of an eV with respect to the free cluster spectrum. The
J)An AMJW\VW‘MV experimental absorption strength is considerably higher for
0 5 10 is 20 the upper of the two peaks in the 3—4-eV region, which also
agrees with theory. The J9 geometry has a smaller splitting
between the two peaks and does not agree as well with the
FIG. 3. Optical absorption of Agin TDLDA. data. The theory thus favors thg §eometry for the ground

Energy (eV)
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FIG. 7. Integrated strengtf for Agg : TDLDA (solid line);
experimen{ 1] (triangles.

FIG. 5. Absorption cross section in Aglusters: TDLDA(solid
lines); experimen{ 1] (dashed lines

state. This is not the predicted ground state in R26], but ~ Of their assigned error bars. From a theoretically point of
since the calculated energy difference between geometries ¥WeWw, it is difficult to avoid thed-electron screening and the
only 0.08 eV, the theoretical ordering is uncertain. For theresulting strong reduction of the strength. We present in the
,A\gg+ cluster, we used the geome'[("y of Ref. [26], the pre- next section a Semlanalytlc argument on this point.
dicted ground state of the cluster in their most detailed cal-
culation. The comparison between theory and experirfignt
is shown in Fig. 5. The peak at 4 eV is reproduced in posi- _ i ) o
tion; its theoretical width is somewhat broadened due to the [N this section we will analyze the-electron contribution
lower geometric symmetry of the 9-atom cluster. to the TDLDA response from an atomic point of view. In the
We next turn to the integrated absorption strength. The DLDA, the bound electrons can be treated separately be-
strength functiorf ¢ is shown in Fig. 6 for Agin the Tyand ~ Cause they only interact throu_gh the common mean field. In
D,4 geometries; the results for 4gare shown in Fig. 7. The particular, there are no Pauli exclusions corrections when

sharp modes below 5 eV are predicted to have only 25% of°MPinings—p andd— p transition strengths. To describe
the s-electron sum rule. This is slightly higher than the Mie the response from an atomic point of view, it is convenient to

VI. INTERPRETATION

S(E)

—w?+E?%

theory prediction, which perhaps can be attributed to the im&XPress it in terms of the dynamic polarizabilifw). We
perfect screening in a small cluster. The same physics jeemind the reader that it is related to the strength function
responsible for the blue shift of the excitation in small clus-S(E)=dfe/dE by

ters. Although the sharp states are strongly screened, the in- 5, 5

tegrated strength below 6 eV is 3.9 electrons, about 50% of o(w)= eh deE @)

the s-electron sum. The integrated strength data is compared m Jo

with theory in Fig. 8, showing all the trend with increasing

cluster size. The integrated strength peglectron has mod- The data in Table | may be used to estimatedhep polar-
erate decrease with increasing cluster size; no trend is digzapility function, but this would not include higher energy
cernible in the experimental data. Beyone:l, the experi-  contributions and the continuumi— f transitions. Instead,
mentally measured strength is substantially larger thafye recomputed the atomic silver response freezing the
theory predicts. The data of R¢fL] is about a factor of two  s.electron. That procedure yielded a polarizability function
larger than theory, as may also be seen in Fig. 7. However, {kith valuesa(0 eV)=1.8 A3 and a(4 eV)=2.1 A3. We
is difficult to assess the errors in that measurement, and th@en fit this to a convenient single-state resonance form,
data of Ref[6] is not seriously out of disagreement in view

1.2 ' T ' T
10 T T T T ':'
1} |
I 08 : T
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6T fm 0.6 .
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al 04 | 1
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FIG. 8. Integrated absorption strength below 6 eV as a function

FIG. 6. Integrated strengthz for Agg in T4 geometry(solid
line) and D, geometry(long dashel and for Ag (short dashed
line).

of the number o&-electrons in the cluster. TDLDA is given by the
circles connected with lines. The source of the experimental data is:
Ref.[28] (closed squane Ref.[6] (crossefs Ref.[1] (triangle.
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e2#2 fq Numerically, Eq.(9) gives a factor of 4 reduction in the
(3)  strength, consistent with the full TDLDA calculation for Ag
with the s+d valence space. We thus conclude that the

with fit parametersf 4= 1.89 andE4=10.7 eV, from which ~ d-polarization effects can be quite simply understood in
we can analytically calculate the effects on thelectron &tomic terms.

response. Except for minor interaction terms the TDLDA

response is equivalent to the RPA, which we apply using the VIl. CONCLUSION

response formalism as in App. A of R¢80]. Note that the
dipole response functioH is related to the polarizability

by I1=a/e“. Alternatively, the same physics can be denvedcomparison of theoretical and empirical spectra i Adgs,

using the dielectric functions, as was done in R&f2,3. : ! . X
The formulations are equivalent provided the dielectric func-and Ag. This confirms the utility of TDLDA ind-electron

tion and the polarizability satisfy the Clausius-Mossotti reIa—SyStemS' extending its domain of appllcabll_lty beyond the
tion. In the dipole response formalism, it is convenient topreV'OUSIy tested clusters and molecules which have snly

represent the uncoupled response function ax @ atrix, and p-orbitals active. We also found that the integrated

. + . . .
separating the free-electron and the polarizability contribu—Strength funct_lon of Ag or Agy 1S very similar t(.) the
tions. The RPA response function is written as strength function obtained from the Mie theory, which only

makes use of the bulk dielectric function. It is remarkable

Ag=—— ——>——3
" m —w2+E§

We have found that the optical response of small silver
clusters is rather well described by the TDLDA, based on the

IIRPA=(1,2)(1+11°V) ~1°(1,1)", (4)  thatthe surface of a finite system of 8 atoms does not have a

more visible effect on the strength function than what we
whereIlI° andV are the following 2 2 matrices: found. However, there is a significant disagreement between
0 theory and experiment on the magnitude of the strength. The

o [ free 0 5 integrated strength of the 4 eV collective mode is calculated

Lo Nagy/e? ®) to be 25% of thes-electron sum rule, quenched due to the

d-electron screening. This is contradicted by the experimen-
e2/1 1 tal data of Ref[1], which finds more than three times our
V= @( 1 0)- (6)  value. We feel that the theory has little room to accommo-
date this result. It would therefore by useful to confirm the
Here N is the number of atoms in the cluster, aRds the  Measurement and extend the systematics to larger sized clus-
radius of the cluster. The form fdA° is obvious, with the t€rs and to other elements in the IB column of the periodic

free electron response given Bif,..= —#?N/mw?. They  table.
is more subtle. The Coulomb interaction, represented by the Note added in proof: Since completing this work
long-range dipole-dipole coupling’r,-r,/R® [31], acts Bonaddc-Koutecky et al. [33] have published a study of the
among the free electrons and between the free electrons ag@tical properties of the smaller silver clusters using an
the polarization charge, but not within the polarizationatomic orbital basis and an empirical pseudopotential. For
charges—separated dipoles have zero interaction after avesg,, they find lower energies than ours for the first two
aging over angular orientations. The algebra in B4).is  strong transitiongby <10%). This difference is possibly due
easily carried out to give to the pseudopotentials; oab initio pseudopotential gives
NAZ/M[ 1= arg 131+ w2 o2 too high an atomic transition energy by 10%. The difference
[TRPA— ag/rs(1+ 0 wy)] (7)  inoscillator strengths of the two Agtates is 20%, with Ref.
—0’+toiy(l—agltd) [33] having the higher value. The situation is similar in the

. Ags; cluster.
wherer = (V/N)¥® and w), is the free-electron resonance

frequency defir!ed in the introductio_n. The pole_po:_;ition of ACKNOWLEDGMENTS
the response gives the frequency with the polarization,
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