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Interband absorption of Pb-island films, consisting of Pb particles larger than about 50 A in diameter, has
been measured in the photon energy range of 0.5-6.5 eV. The interband absorption located ftodn0Z.23
4.44+0.06 eV, the initial state for which is positioned at the bottom of the conduction bands, disappeared
below about 300 A in diameter. The interband absorption located from+368} to 3.780.04 eV was
shifted to higher energies with decreasing particle size below about 300 A in diameter, and became weaker
with shift. The shift causes the initial state to be present in the lower portion of the conduction bands. The
disappearance and the weakening are due to the decrease in the density (D& 8ieat the lower portion of
the conduction bands. Such a decrease can be attributed to the effect of the reduced coordination number of
surface atoms on the DOS of the conduction bands.

DOI: 10.1103/PhysRevB.66.165442 PACS nunider78.66.Bz, 78.20-e

[. INTRODUCTION obtain highly aggregated island films. In the case of the is-
land film with a particle diameter of about 2500 A, the tem-
Recently, there has been considerable interest in opticglerature of the substrates and meshes was about 20 °C. The
properties in the intermediate region between atomic andilms were then annealed at the same temperature for 1 h.
solid states. Clusters and small particles represent a speciafter annealing, the films were coated with Si@ prevent
state of matter intermediate between atoms and solids. Inteadsorption or chemical reactions on exposure to air. The
band absorption results from transitions between energweight thickness and the deposition rate were monitored
bands and closely depends on the density of st&1€sS) of  with a quartz-crystal oscillator. The transmittance of the
the energy bands. Thus, by studying the interband absorpticgvaporated Si©film without Pb particles was almost con-
of clusters and small particles, we can obtain informationstant in the spectral range of interest here.
about the optical properties based on the energy bands and Optical and electron-microscopic investigations were car-
the DOS in the transition from the atomic to solid stdtes. ried out after exposure of the samples to air. In the photon
In bulk metals, the coordination number is lower for sur-energy range of 0.5—6.5 eV, transmittance spectra for normal
face atoms than for bulk atoms; in the fcc lattice an atom hagcidence and their derivatives for a wavelength difference of
eight nearest neighbors at ttl00) surface versus nine at the about 4 nm were measured within an experimental accuracy
(111) and twelve in the bulk. As a result, the distribution of of +0.1% and+(0.001-0.01eV at room temperature with a
the DOS of the energy bands of the surface layer is narrowetouble-beam spectrophotometer. The particle-size distribu-
than that of the bulR:® tion and the electron-diffraction pattern were investigated
The reduced coordination number of surface atoms is ofvith an electron microscope operating at 200 kV.
substantial interest in small particles because the ratio of sur-
face to volume atoms increases with decreasing particle size. Il RESULTS
Due to such an increase, the reduced coordination number of '
surface atoms should affect depending on size the DOS for |n the analysis of derivative specttahe locations of the
the small particles. The interband absorption, which reflectsnaximum slopes in steps in the first derivative correspond to
the DOS affected by the reduced coordination number othe locations of absorption. The derivatives in the present
surface atoms, has not yet experimentally been reported fatudy are the first derivative. In the following figures, the
small metal particles. arrows indicate the locations of the maximum slopes in the
In the present study, by referring to the DOS af Bands  steps in the derivatives. Thus, the locations indicated by the
of the surface layer of bulk CU we qualitatively show that arrows correspond to the locations of absorption. In the fol-
the size-dependent change in the interband absorption of Rbwing, the location of the absorption is based on the loca-
particles originates from the effect of the reduced coordination indicated by the arrow and is expressedfay AE. This
tion number of surface atoms on the DOS of conductiorexpression shows that in the step in the derivative the slope
bands. is maximum in the range off— AE)-(E+AE).
Figures 1a), 1(b), 1(c), and 1d) show transmittance spec-
tra and their derivatives of Pb-island films with particle di-
Il EXPERIMENT ameters of about 560, 440, 360, and 320 A, respectively. In
The samples were prepared by vacuum evaporation ifig. 1, as mentioned above, the locations of the absorption,
conditions similar to those described in a previous stuily.  labeled 1, 2, 3, and 4, in the transmittance spectra are based
(purity, 99.999% was deposited both on Sj&oated fused- on the locations indicated by the arrows, labeled 1, 2, 3, and
guartz substrates and on Si@oated carbon meshes, which 4, respectively.
were heated to about 80°C during deposition in order to Taking into account a previous study of continuous thin
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FIG. 2. Schematic figure of energy-band structure and interband
transitions in bulk Pb reported in Ref. 10. The interband transitions
are represented in the arrows. The barXlg) (and &) are parallel
(Ref. 11). The energy-band structure in Ref. 10 is that by Loucks
(Ref. 12.
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4.23+0.07 eV, and the location of the interband absorption 4
is (@) and (b) 5.32+0.07 eV, (c) 5.30+0.05 eV, and(d)
5.25+0.05 eV. From these, the interband absorption 3 and 4
slightly shifts with sharpening of the interband absorption 4.
5 In the present study, it was difficult to clarify the reasons for
5 the sharpening and the slight shift.
The interband absorption 1-4 is always found when the

particle size is larger than about 300 A in diameter, showing
0 that the Pb particles larger than about 300 A in diameter have
optical properties the same as those of the bulk Pb.

It has been know!t that metal-island films consisting of

ol paMEfeRb . fd) s_mall metal particles show_optical plasma_-resonance a_bsorp-
1 2 3 4 5 6 0 tion, due to plasma oscillations of conduction electrons in the
ho v particles. Characteristic of this absorption is the pronounced

FIG. 1. Transmittance spectfaolid curve$ and their deriva- shift to higher energies with decreasing weight thickriéss.

tives (dotted curvesfor Pb-island films with particle diameters of The decrease in the weight thickness from Fi@) o Fig.
about(a) 560, (b) 440, (c) 360, andd) 320 A. The weight thickness 1(d) IS large(the decrease of about 40%but the pronounced
is (a) 142.0,(b) 120.7,(c) 99.4, and(d) 85.2 A. The deposition rate  Shift of the absorption to higher energies is not found in Fig.
was 0.12 A/s. The substrate temperature was about 80 °C. 1. Thus, the optical plasma-resonance absorption is not
present in the spectra of Fig. 1. The optical plasma-resonance
, . N ._absorption seems to be present outside the spectral range of
Pb T”ms'lo the absorption labeled 1, 2, 3, and 4 in Fig. 1 iSye nresent studg.e., the energy range higher than about 6.5
assigned to the interband absorption due to transitions b V).
tween the initial and final bandsg)-(3,) H(KD)-(Ky), Figure 3 shows transmittance spectra and their derivatives
Xg-Xs , and (K3)-(K,) in the Brillouin zone, respectively of pp-island films with particle diameters smaller than about
(Fig. 2. As shown in Fig. 2, the initial (X3), (K1), Xg, 300 A. The particle diameters for Figs(a3 3(b), 3(c), and
and (K3)] and final band$(X,), (K1), X¢ , and K,)] are 3(d) are, respectively, about 260, 140, 90, and 50 A. The
present within conduction bands and are positioned belovocation of the interband absorption 1 is 1:7@.01 eV in
and above the Fermi level, respectivély?In the following,  Fig. 3(@). In Fig. 3b), the step for this absorption is ill de-
the absorption labeled 1, 2, 3, and 4 is referred to as théined in the derivative, so that the location of the absorption
interband absorption 1, 2, 3, and 4, respectively. was difficult to identify. Thus, the range of the presence of
In Fig. 1, the locations of the interband absorption {ajs  the interband absorption (1L.63—1.88 eV is represented in
1.67=0.05eV, (b) 1.66=0.01 eV, (c) 1.67+=0.05eV, and the double-ended horizontal arrow.
(d) 1.70=0.02 eV, and the interband absorption 2 is located The interband absorption 2 is located at 4:@B04 eV in
at(a) 3.78£0.04 eV, (b) 3.68-0.04 eV, (c) 3.70:0.05eV,  Fig. 3@ and 4.16-0.02 eV in Fig. 3b), but this absorption
and(d) 3.75-0.05 eV. was difficult to identify in Fig. 8c) because in the derivative
The deep dips at about 4.5 and 5.6 eV in the derivatives ithe step for the absorption is ill defined. In FigcB thus, the
Figs. 1c) and Xd) show that the interband absorption 4 is range of the presence of the interband absorptids.Q0—
sharper in Figs. (t) and Xd) than in Figs. {8 and 1b). In  4.25 eV} is represented in the double-ended horizontal arrow.
Fig. 1, the interband absorption 3 is located (at 4.43 In the derivative in Fig. &), the slope in the range of
+0.08 eV, (b) 4.44+0.06 eV, (c) 4.32-0.05eV, and(d)  4.30-4.58 eV is appreciably smaller than that in the range of
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< 1 5 FIG. 4. Transmittance spectrufgolid curve and its derivative
z ‘.1, ................ oo "-.(4 5 8 (dotted curvefor a Pb-island films with a particle diameter of about
% S0 g 2 x 108 2500 A. The weight thickness is 390.5 A. The deposition rate was
é L VoL ] % 1.03 A/s. The substrate temperature was about 20 °C.
o b ]
oL__PIAMETERA), . s s 53 electron-diffraction patterns in the present study. This im-
100 5 plies that the change of the Pb particles into compounds by
r ] chemical reactions occurred rarely.
sok- T : 1o IV. DISCUSSION
i (;/«g: 1 ] A. Absorption of continuous Pb films reported previously
L S i('>E6R " © ] Optical properties of continuous-thin-metal films, pro-
o——— — 5 duced by vacuum evaporation, have generally been accepted
100— T — 4 ] 5 to be the same as those of bulk metals. We compared previ-
L 2 . d ously reported optical spectra of continuous Pb filths,
e e R Y 1 produced by vacuum evaporation, with the spectra of Fig. 1.
50 e nsssresseens L 0 In the spectra of the continuous Pb filffs->absorption is
[ vor) ] present at about 1 eV in addition to the absorption in Fig. 1.
I i In the present study, continuous films were difficult to pro-
I ] - -
ol DAMETERA , ., : duce, and thus we could not confirm the abso_rptlon at about
1 2 3 4 5 6 1 eV for the continuous Pb films. The absorption at about 1
ho v eV is present in the range of the Drude-type absorption,

FIG. 3. Transmittance spect(aolid curves and their deriva- which does not occur in metal-island fiIrﬁ%OpticaI absorp-

tives (dotted curvesfor Pb-island films with particle diameters of tion, dué to conduction electrons in lattice defects, has been

about(a) 260, (b) 140, (c) 90, and(d) 50 A. The weight thickness is 'éported to appear sometimes in the range of the Drude-type
(a) 71.0,(b) 42.6,(c) 28.4, and(d) 14.2 A. The deposition rate was absorption of the continuous-thin-metal films produced by

(@) 0.12,(b) 0.11,(c) 0.12, andd) 0.11 A/s. The substrate tempera- Vacuum evaporatioff. This absorption has not been reported
ture was about 80 °C. for metal-island films.

For the continuous-thin-metal films produced by vacuum
evaporation, it has been accepted that lattice-defect density

about 3.1-4.3 eV. Based on the analysis of the derivdtive becomes higher with increasing deposition rate and/or with
this small slope corresponds to the presence of the interbanéwering substrate temperature. The deposition rate for the

absorption 2. Thus, this absorption is present in the range @ontinuous Pb filmS is about 500A/s. This value is very
4.30-4.58 eV, represented in the double-ended horizontal ar-
row. In Fig. 3, the interband absorption 4 is locatedat [ 73
5.27+0.06 eV, (b) 5.25-0.05eV, (c) 5.20-0.05eV, and
(d) 5.25+-0.05 eV.
Figure 4 shows the transmittance spectrum and its deriva-
tive of a Pb-island film with a particle diameter of about
2500 A. Above about 3.7 eV, the transmittance and the de-§
rivative were almost 0% and zero, respectively, so that thesef:i,{
were not drawn in this figure. .&
Figures %a) and %b) show the electron micrographs of .‘,
the Pb-island films with particle diameters of about 321). Y,
1(d)] and 90 A[Fig. 3(c)], respectively. In the electron mi-
crographs, the Pb particles show complex contrast structure
due to the diffraction contradf. The Pb particles in the  FIG. 5. Electron micrographs for the Pb island films with par-
present study are thus polycrystalline. ticle diameters ofa) about 320 A[Fig. 1(d)] and (b) about 90 A
Only the fcc structure could always be identified in [Fig. 3(c)].

%
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high, e.g., 500 A/s is about 4100 times higher than 0.12 A/s d bands included in conduction bands of bulk noble and
for the films of Fig. 1. Thus, the continuous Pb films shouldtransition metals are also narrow. In bulk Cu, the width df 3
have a high lattice-defect density. From this, the absorptiomands included in the conduction bands is about £},
at about 1 eV in the spectra of the continuous Pb fifths  The DOS of the 8 bands of the surface layer of the bulk Cu
seems to be due to the conduction electrons in the lattichas been reported by a number of auttfdrén the follow-
defects. ing, by referring to this DOS, we qualitatively consider the
Absorption extending from about 1.5 to 3.5 eV is presentDOS of conduction bands of Pb particles and discuss the
in the spectra of the continuous Pb filifs> The absorption  effect of the reduced coordination number of surface atoms
has been regarded as the superposed absorption, mainly af the interband absorption of the Pb particles.
tributed to two interband transitions associated with energies In bulk Cu®’ compared to the DOS of thed3bands of
of about 1.6-1.8 and 2.3 é¥.The presence of the absorp- the bulk, the DOS of the & bands of the surface layer is
tion 1 in Fig. 1, the location of which is from 1.66 small at the lower portion and large at the upper portion,
+0.01 eV[Fig. 1(b)] to 1.70+0.02 eV[Fig. 1(d)], confirms  because the coordination number is lower for surface atoms
the absorption due to the interband transition associated witthan for bulk atoms. Due to such a distribution of the DOS,
the energy of about 1.6—1.8 eV. However, the absorptionthe surface layer has narrowed ®ands than the bulk. Sur-
which corresponds to the interband transition associated witface atoms of the bulk Pb also have fewer neighbors. Thus,
the energy of about 2.3 eV, is not found in Fig. 1. Thisthe distribution of the DOS of the conduction bands of the
absorption is discussed in the following. surface layer of the bulk Pb must be similar to that of the
In Fig. 4 for the Pb-island film with particle diameter of DOS of the 31 bands of the surface layer of the bulk Cu.
about 2500 A, we see from the analysis of the derivdtive From the similarities, the DOS of the conduction bands of
that weak absorption, not found in Fig. 1, is present in thethe surface layer of the bulk Pb is small at the lower portion
transmittance spectrum in the rang205-2.40 eV indi-  and large at the upper portion. The DOS of the conduction
cated by the double-ended horizontal arrow. bands of Pb particles should change from bulklike to surface-
The deposition rate and the substrate temperature for theyer-like with decreasing particle size, because the ratio of
film of Fig. 4 are, respectively, about 9 times higher and 4surface to volume atoms increases with decreasing particle
times lower than those for the films of Fig. 1. From this highsize. Based on these, we consider here the size-dependent
deposition rate and low substrate temperature, the latticeeshange in the DOS of the conduction bands of the Pb par-
defect density should be higher in the particles in the film ofticles as follows: the DOS of the conduction bands decreases
Fig. 4 than in the particles in the films of Fig. 1. Thus, theat the lower portion and increases at the upper portion with
appearance of the absorption in the range of 2.05-2.40 eWlecreasing particle size. As a result of such size-dependent
seems to be concerned with the lattice defects in the Pb patlecreases and increases in the DOS, the conduction bands of

ticles. the Pb particles presumably become narrower with decreas-
The location of the absorption, attributed to the interbandng particle size.
transition associated with the energy of about 2.3'%a!- There has been very little experimental data on effects of

most agrees with the location of the absorption in the ranggurface atoms on energy bands of metal particles and clus-
of 2.05-2.40 eV in Fig. 4. As mentioned above, the lattice-ters. A theoretical study of metal clustéfshaving a large
defect density should be high in the continuous Pb filmsratio of surface to volume atoms, has reported that compared
Thus the absorption, attributed to the interband transition age the DOS of the @ bands of bulk Ni, the DOS of thed3
sociated with the energy of about 2.3 ¥\also seems to be bands of a Ni cluster consisting of 13 atoms is distributed
concerned with the lattice defects in the continuous Pb filmsmainly at the upper portion. For this distribution, the Ni clus-
Further investigation of this absorption was difficult in the ter has narrower @ bands than the bulk Ni. Such distribution
present study. qualitatively supports the size-dependent decrease and in-
crease in the DOS of the conduction bands of the Pb par-
ticles, mentioned above.
B. Effects of surface atoms The initial and final bands for the interband absorption
One of the conditions of occurrence of interband absorpl—4 of the Pb particles are present within the conduction
tion, due to transitions between initial and final bands, is thaPands(Sec. ll). If the initial band is positioned at the lower
the DOS for the initial bands is large. Knowledge of the DOSportion of the conduction bands and if the final band is
is thus important in the study of interband absorption. Veryhardly affected by particle size, the interband absorption is
little has been known about the DOS of Pb particles and th@xpected to weaken or to disappear with decreasing particle
surface layer of bulk Pb. size because of the decrease in the DOS at the lower portion.
In bulk Pb, conduction bands arepfbands because the With this weakening or disappearance, when the decrease in
Fermi level intersects thembandst?*'~'°The 6p bands do the DOS at the lower portion is small, the narrowing of the
not hybridize with other bands such as theahd 5 bands, ~conduction bands is presumably inconspicuous.
so that the conduction bands are narrow. For example, the
width of the occupied conduction ban@s., the width from
the bottom of the conduction bands to the Fermi Igvsl
about 3.5—-4.5 eV for bulk PijRefs. 12 and 17-19and In the following, the interband absorption 1, 2, 3, and 4 is
about 7-9.5 eV for bulk noble metd$. discussed in order 3, 4, 2, and 1. Very few data on the inter-

C. Interband absorption of Pb particles
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band absorption, related quantitatively to the DOS, haveshow that, in Pb particles, effects of surface atoms become
been reported for Pb particles and bulk Pb. The DOS wadominant in physical properties below about several hundred
difficult to investigate quantitatively in the present study.angstroms.

Thus, in the following, we qualitatively discuss the change in

the interband absorption in connection with the change in the 2. The interband absorption 4

DOS. Similar to the case of the interband absorption 3, the ini-

1. The interband absorption 3 tial band K3) for the interband absorption 4, due to the
ransition K3)-(K;), is positioned at the bottom of the con-

. . . t
In Fig. 1, the three steps in the range of 3-5.5 eV in the uction bands at poink.1%1217-19we thus expect that the

derivatives reflect the presence of the absorption of the triple terband absorption 4 also disappears with decreasing par-

(i-e., the interband absorption 2, 3, and’'he middle St icle size. However, this interband absorption is well defined
of the three steps corresponds to the presence of the inteiswn to a particle size of about 50 A in diamefgig. 3(d)].
band absorption 3. Comparison of the derivatives in Fig. 1T
with the derivative in Fig. @) shows that the middle step
disappears in Fig.(®). From this, we see that the interband

absorption 3 first disappears when the particle size becom

herefore, the influence of the decrease in the DOS at the
lower portion is small for the DOS for the initial ban#{) .
The reason is presumably because the DOS for the initial

smaller than about 300 A in diamet@fig. 3a)]. %and (K5) is originally large. For example, based on the data

For the Pb partcles, there have been very few data on this [ 15 116 900 Bi%a) = 12 P8 B0 DG THet B
initial and final bands for the interband absorption 3, due t 6 ' 9

oo . Dand K,).
the transitionXe - X . Here we regard the final barkg to In Figs. 1 and 3, the interband absorption 4 is located in
be unaffected by particle size.

e - " the narrow range of 5.200.05eV [Fig. 3(c)]-5.32
The initial bandXs is positioned at the bottom of the _ o7 \/rE; imolving that the | S
conduction bands at the poid'®'2171%0 that the disap- *0.07 eV[Figs. 1@ and ib)], implying that the location is

; . almost constant when the particle size decreases. From this,
pearance of the interband absorption 3 results from the d P

SHown to a particle diameter of about 50 [kig. 3(d)] the

crease in the DOS at the lower portion of the conducuone ergy positions of the initial and final bands for the inter-

bands. Thus, the disappearance of the interband absorptionO nd absorption 4 are not shifted
agrees with the disappearance expected aligee. IVB), Because there is no shift of the energy positions, the nar-

shoyving that the DOS of the cond_uction bands of the P.t}owing of the conduction bands is inconspicuous at p&int
particles decreases at the lower portion below about 300 A i own to a particle diameter of about 50 A. The reason is that

diameter because of the effect of the reduced coordlnatlogs mentioned above, the influence of the decrease in the DOS

number of surface atoms. o .
at the lower portion is small for the DOS for the initial band
The final bandX{ must be unaffected by particle size as (fK?’)' P

regarded above. Thus, for example, the energy position of 'Ag mentioned above, irrespective of particle size, the in-

this band should not be shifted when the particle size degrpang apsorption 4 is well defined, and the energy position

creases. Before the_disappearance at about 26(.) A in.diame'@lrthe final band K;) is almost constant. This implies that
[Fig. 3(@], the location of the interband absorption 3 in Fig. yhe final band K ,) is to operate constantly when the particle
1 is the lowest in Fig. () (4.23+0.07 eV) and the highest ;¢ gecreases. It is thus reasonable to consider that down to

in Fig. 1(b) (4.44=0.06 eV). Thus, the difference in the lo- 5 naricle size of about 50 A in diameter, the final baKg)(
cation of the interband absorption 3 in Fig. 1 is slig®08— o' \naffected by particle size.

0.34 e\). Based on this, the disappearance can be regarded
to occur separately from the shift of the energy positions of
the initial and final bands, i.e., the energy positions are not
shifted down to about 260 A in diameter. The interband absorption 2 is located from 3.68
Because there is no shift of the energy positions, the nar+0.04 eV[Fig. 1(b)] to 3.78+0.04 eV[Fig. 1(a)] for par-
rowing of the conduction bands is inconspicuous at p¥int ticles larger than about 300 A in diametéfig. 1) and is
down to a particle diameter of about 260 A. This is presum-shifted to higher energies with decreasing particle size below
ably because the decrease in the DOS at the lower portion @bout 300 A in diamete(Fig. 3. At about 50 A in diameter
the conduction bands is small. [Fig. 3(d)], the location is in the range of 4.30—4.58 eV.
In the present study, we could not clarify why the reducedBased on these locations, the shift of the interband absorp-
coordination number of surface atoms affects the DOS of th&on 2 is 0.48-0.94 eV. Furthermore, the interband absorp-
conduction bands below about 300 A in diameter. It shouldion 2 becomes weaker when the particle size becomes
be noted that the size of about 300 A in diameter is signifismaller than about 100 A in diametgfigs. 3c) and 3d)].
cant also in the size-dependent melting temperature of Pb The final band K,) for the interband absorption 2, due to
particles. That is, in the data of a previous stélfhe melt-  the transition K;)-(K;), is the same as that for the inter-
ing temperature of the Pb particles is found to decrease comand absorption #141""1°This band is considered to be
spicuously with decreasing particle size below about 300 Aunaffected by particle size, as mentioned above. Thus, the
in diameter. This decrease in the melting temperature ishift and the weakening of the interband absorption 2 should
based on the size-dependent increase in the ratio of surface ¢orrespond to the shift of the initial band and to the decrease
volume atoms. The present and previous stifdissem to in the DOS for the initial band, respectively.

3. The interband absorption 2
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From this discussion, when the particle size decreasesact with decreasing particle size, and it has been repttted
down to about 50 A in diameter, the energy position of thethat interband absorption of metal particles becomes weaker
initial band (K;) is lowered by 0.48-0.94 eV towards the and then disappears with contraction of lattice constants.
bottom of the conduction bandlise., towards the initial band In the present study, although lattice constants were inves-
(K3) for the interband absorption|4in the present study, we tigated based on electron diffraction rings, the contraction
could not clarify the cause of this lowering. was not found. For bulk Pb, it has theoretically been

The energy spacing between the initial bakd X and the reported® that the contraction of lattice constants increases
bottom of the conduction bandse., the initial band K3)] the energy spacing between the initial and final bands for the
equals the difference in the location between the interbanthterband absorption 2—4. Thus, we can predict the interband
absorption 2 and 4. The energy spacing is reduced frombsorption 2-4 to shift to higher energies with contraction of
1.33-1.751t0 0.57-1.09 eV in the lowering mentioned abovelattice constants. As mentioned in Secs. IVC1-IVC3, ex-
showing that the lowering causes the initial bakd) to be  cept for the interband absorption 2, the interband absorption
close to the bottom of the conduction bands. Based on thigs not shifted to higher energies when the particle size de-
here the initial bandK,) after the lowering is regarded to be creases. These results show that the size-dependent disap-
present in the lower portion of the conduction bands, i.e., thgpearance and weakening of the interband absorption of the
initial band (K,) is regarded to be shifted to the lower por- Pb particles do not arise from the contraction of lattice con-
tion of the conduction bands. stants.

From the weakening of the interband absorption 2, we see In the following discussion, we assume the Pb particles to
that the DOS for the initial bandK(;) decreases when this have the Fermi energy the same as that of the bulk Pb, be-
band is shifted to the lower portion of the conduction bandscause there has been very little data on the Fermi energy of
That is, the weakening shows a decrease in the DOS at tibe Pb particles. If electrons of the Si@atrix occupy the
lower portion of the conduction bands. Thus, the weakenindinal bands for the interband absorption of the Pb particles,
of the interband absorption 2 agrees with the weakening exthe transitions between the initial and final bands would be
pected in Sec. IV B and shows that the DOS of the conducrestricted and thus the interband absorption would weaken or
tion bands decreases at the lower portion because of the efisappear.
fect of the reduced coordination number of surface atoms. The valence-band maximum of Sids about 6.3 eV
The interband absorption 2 differs from the interband absorplower than the Fermi energy of bulk Ad,and the Fermi
tion 3 in that the DOS for the initial band<() decreases energy of the Pb particles is about 3.9 eV higher than that of
when this band is shifted to the lower portion of the conducthe bulk Ag®® The difference between the valence-band
tion bands. maximum of the Si@ and the Fermi energy of the Pb par-

ticles is thus largéabout 10.2 eV, so that the valence band
4. The interband absorption 1 of the SiQ does not overlap the final bands, which lie at

values higher than the Fermi energy. The electrons of the

It is seen in Fig. 3 that the interband absorption 1, due tqs. - " .
L i -~ SI0, matrix thus cannot occupy the final bands. This shows
the transition £)-(2,), becomes weaker and then disap that the occupation of the final bands is not the cause of the

pears with decreasing particle size below about 140 A in. d d di d keni fthe i
diameter{Fig. 3(b)]. The origin of this interband absorption Slze-gepen e_nt ISappearance and weakening o the inter-
is different from that of the interband absorption 2—-4; i.e.,band absorption of the Pb particles.

the interband absorption 1 occurs under the condition that the

initial (2 3) and final bandsY,) are quite parallel®'' Thus, V. SUMMARY

the weakening and the disappearance are presumably be- ] ) . )

cause these bands become nonparallel with decreasing par- e have experimentally investigated the size-dependent
ticle size. The mechanism of the change from parallel tgchange in the interband absorption of the Pb particles form-

nonparallel was difficult to make clear in the present study.iNg island films. The interband absorption located from
4.23+0.07 to 4.44-0.06 eV, the initial band for which is

positioned at the bottom of the conduction bands, first disap-
peared when the particle size becomes smaller than about
300 A in diameter. The disappearance shows a decrease in
In the study of the size-dependent change in interbanthe DOS at the lower portion of the conduction bands.

absorption of metal particles, it is useful to compare experi- The interband absorption located from 3i#68.04 to
mental spectrum with simulated spectrum based on bulk op3.78+ 0.04 eV was shifted to higher energies with decreasing
tical constants.For bulk Pb, there seem to be very few dataparticle size below about 300 A in diameter, and it was lo-
on optical constants, which are corrected for the absence aiated in the range of 4.30—4.58 eV when the particle size
the absorption at about 1 and 2.3 eV mentioned in Sec. IV Adecreased to about 50 A in diameter. The shift causes the
For this reason, the transmittance spectrum of the Pb-islaniditial band to be present in the lower portion of the conduc-
film with bulk optical constants was difficult to simulate in tion bands. The interband absorption became weaker with

D. Spectral simulation, contraction of lattice constants, and
interactions with SiO,

the present study. such a shift. Thus, the weakening also shows a decrease in
The contraction of lattice constants changes energy-banithe DOS at the lower portion of the conduction bands.
structure and thus affects interband absorptiot.is well The effect of the reduced coordination number of surface

establishetf~2° that lattice constants of metal particles con-atoms on the DOS of the conduction bands of the Pb par-
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ticles was qualitatively considered based on the DOS of théion number of surface atoms becomes effective for the DOS
3d bands of the surface layer of the bulk Cu. Owing to thisof the conduction bands below about 300 A in diameter.
effect, the DOS decreases at the lower portion of the conduc-
tion bands when the particle size decreases. This decrease in
the DOS qualitatively agrees with the decrease in the DOS
for the interband absorption. Thus, the size-dependent disap- We are grateful to Professor Masayuki Idblokkaido
pearance and weakening of the interband absorption of theniversity) for valuable comments and encouragement
Pb particles can be attributed to the effect of the reducethroughout this work. One of u€.A.) thanks Professor To-
coordination number of surface atoms on the DOS of thenuo YamaguchiShizuoka University for informative dis-
conduction bands. It is not clear why the reduced coordinaeussions and useful suggestions.
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