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For white-Sn particles smaller than about 500 Å in diameter, interband absorption, arising from transitions
between nearly parallel bands, has been studied experimentally. In particle sizes smaller than about 300 Å in
diameter, interband absorption appearing at about 3.1 and 3.8 eV is shifted to higher energies with decreasing
particle size. In particle sizes smaller than about 100 Å in diameter, interband absorption appearing at about
5.0 eV is shifted to lower energies with decreasing particle size. The shift to the lower and higher energies can
qualitatively be attributed to the energy-band narrowing by low coordination-number of surface atoms and to
the energy-band broadening by lattice contraction, respectively. Thus, both the low coordination-number and
the lattice contraction cause depending on size the change in energy bands. The interband absorption weakened
with shifting and finally disappeared, indicating a decrease in the joint density of states. Thus, the initial and
final bands are considered to depart from nearly parallel with energy-band narrowing and broadening.
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I. INTRODUCTION

Small particles are special states of matter intermediate
between atoms and solids. Thus, energy bands of small par-
ticles are expected to be different from those of bulk and are
fundamental interest in solid-state physics. If energy bands
of small particles are affected by particle size, we can study
the energy bands by analyzing the influence of particle size
on interband absorption of the small particles.

In bulk metals, surface layers have narrower energy bands
than bulk because coordination number is lower for surface
atoms than for bulk atoms.1,2 In metal particles, the ratio of
surface to volume atoms increases with decreasing particle
size, thereby strengthening the effect of low coordination-
number of surface atoms on energy bands. Thus, energy
bands of metal particles narrow as the particle size is de-
creased. An experimental study3 of interband absorption of
Pb particles has reported that the conduction-band narrowing
is attended with the change in the distribution of the density
of states of the conduction bands.

In bulk metals, contraction of lattice constants causes the
broadening of energy bands.4 Lattice constants of metal par-
ticles contract with decreasing particle size because of the
hydrostatic pressure due to the particle surface stress.5 Ex-
perimental studies6,7 of interband absorption of noble and
transition metal particles have showed that energy bands of
metal particles broaden with lattice contraction.

By 119Sn conversion electron Mössbauer spectroscopy,
x-ray absorption spectroscopy, and transmission electron mi-
croscopy, Spiga et al.8 have studied structural properties of
white-Sn particles produced by ion implantation in thin SiO2
film. They found lattice contraction and coordination-number
reduction originating from low coordination number of sur-
face atoms. Based on this finding, we predict for white-Sn
particles that both the low coordination number and the lat-
tice contraction influence energy bands. It would be interest-
ing to study how the energy bands are influenced.

In the present study, by investigating size-dependent
change in interband absorption of white-Sn particles, we

qualitatively discuss the energy-band change due to both the
low coordination-number and the lattice contraction.

II. EXPERIMENT

In a vacuum chamber, a fused-quartz substrate �18�18
�0.5 mm3� and electron-microscopic meshes covered with a
carbon film were adjacently placed above an evaporation
source. The distance �30.3 cm� from the evaporation source
to the substrate equaled that to the meshes. SiO2 was first
deposited both on the fused-quartz substrate and the meshes
by electron beam heating in an oil-free vacuum of
�10−8 Torr. Next, at pressures of �10−7 Torr, white Sn �pu-
rity 99.9999%� was deposited to obtain island films consist-
ing of white-Sn particles. Then, the island films were an-
nealed for 1 h. The substrate and meshes were maintained at
a temperature of about 333 K during deposition and anneal-
ing. After annealing, the films were coated with SiO2 �thick-
ness 100–300 Å� to prevent adsorption or chemical reac-
tions on exposure to air. The weight thickness and the
deposition rate were monitored with a quartz-crystal oscilla-
tor. Transmittance of the evaporated SiO2 film was almost
constant within the spectral range of interest here.

Optical and electron-microscopic investigations were car-
ried out after exposing the samples to air. With a double-
beam spectrophotometer �Shimadzu UV-365�, transmittance
spectra for normal incidence and their first derivatives were
measured in the wavelength range of 190–2500 nm at room
temperature within the experimental accuracy of ±0.1% and
±�0.3 �190 nm�–0.7 �2500 nm�� nm. The first-derivative
spectra were derived by computer applications based on the
convolution method for a wavelength interval of about 4 nm.
The particle size and electron-diffraction pattern were inves-
tigated with an electron microscope operating at 200 kV �Hi-
tachi H-800�. For simplicity, we assumed the particle shape,
difficult to observe three dimensionally, to be spherical and
estimated the particle diameter by regarding the length
around the outside of the particle as the circumference. The
particle size distribution was evaluated as vol. %.
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III. RESULTS

In Figs. 1 and 2, we show the transmittance and the first-
derivative spectra compactly, by converting the wavelength
unit �nm, Sec. II� into the photon energy unit �eV�. Due to
the conversion, the slope sign of the first derivative is re-
verse. In derivative spectroscopy,9 the location of the maxi-
mum slope in a step appearing in the first derivative corre-
sponds to that of absorption. In Figs. 1 and 2, the arrow
indicates the location of the maximum slope in the step, and
in the transmittance spectrum this location is labeled with a
number as the location of absorption.

The location of absorption is expressed below by E±�E,
which shows that the slope is at its maximum in the range of
�E−�E�− �E+�E�. Figures 1�a�–1�d� show the transmittance
spectra and their first derivatives of the white-Sn island
films with particle diameters of about 480, 360, 300, and
200 Å, respectively. The location of absorption 1 is �a�
3.12±0.03 eV, �b� 3.14±0.03 eV, and �c� 3.19±0.03 eV. It
was difficult to identify the location of absorption 1 in Fig.
1�d�, because the step for this absorption is ill defined in
the derivative. Thus, we represent the range of presence

�3.19–3.35 eV� by a double-ended horizontal arrow. The lo-
cation of absorption 2 is �a� 3.75±0.04 eV, �b� 3.81
±0.06 eV, �c� 3.87±0.05 eV, and �d� 3.90±0.05 eV. Ab-
sorption 3 is located at �a� 5.04±0.12 eV, �b� 4.98±0.06 eV,
�c� 5.00±0.08 eV, and �d� 5.04±0.08 eV.

We see in transmittance spectra in Fig. 1 that in addition
absorption 1–3 there is absorption in the range above about
5.5 eV. The step for the absorption is incomplete in deriva-
tive spectra, so that the analysis based on the derivative was
difficult for the absorption. For this reason, we did not inves-
tigate the absorption.

FIG. 1. Transmittance spectra �solid curves� and the first deriva-
tives �dotted curves� of white-Sn island films with particle diam-
eters of about �a� 480, �b� 360, �c� 300, and �d� 200 Å. The weight
thickness is �a� 110.6, �b� 77.4, �c� 55.3, and �d� 38.7 Å. The depo-
sition rate was �a� 0.18, �b� 0.18, �c� 0.18, and �d� 0.19 Å/s.

FIG. 2. Transmittance spectra �solid curves� and the first deriva-
tives �dotted curves� of white-Sn island films with particle diam-
eters of about �a� 180, �b� 110, and �c� 70 Å in diameter. Particle
sizes for the films of �d� and �e� were difficult to investigate. The
weight thickness is �a� 33.2, �b� 22.1, �c� 11.1, �d� 7.7, and �e�
5.5 Å. The deposition rate was �a� 0.17, �b� 0.18, �c� 0.18, �d� 0.19,
and �e� 0.23 Å/s.
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Metal island films consisting of metal particles smaller
than the wavelength of incident light show interband absorp-
tion and/or optical plasma-resonance absorption due to
plasma oscillations of conduction electrons in the metal
particles.10 Optical plasma-resonance absorption remarkably
shifts to higher energies with decreasing weight thickness
because of the decrease in the effective depolarization
factor.10 This shift was found, for example, for Al and In
island films.11,12 The decrease in the weight thickness from
the film in Fig. 1�a� to the film in Fig. 1�d� is large �the
decrease of about 65%�, but the remarkable shift of absorp-
tion to higher energies is not found in Fig. 1. Thus, absorp-
tion 1–3 is not optical plasma-resonance absorption but in-
terband absorption. In the following, absorption 1–3 is
referred to as interband absorption 1–3, respectively.

The transmittance spectra and their first derivatives of the
white-Sn island films with particle diameters of about 180,
110, and 70 Å are shown in Figs. 2�a�–2�c�, respectively. The
location of interband absorption 2 is �a� 3.91±0.06 eV �b�
3.97±0.07 eV, and �c� 4.08±0.08 eV. Interband absorption 3
is located at �a� 4.96±0.08 eV �b� 4.90±0.06 eV, and �c�
4.69±0.07 eV. Particle sizes for the films of Figs. 2�d� and
2�e� were difficult to investigate because of the low contrast
due to the SiO2 coating. The particle size for the film of Fig.
2�d� must be smaller than that of Fig. 2�c� and the particle
size for the film of Fig. 2�e� must be smaller than that of Fig.
2�d�, because the particle size decreases with decreasing
weight thickness.13 In Fig. 2�d�, the maximum slope was
difficult to distinguish in the step for interband absorption 2.
Thus, the range of presence �3.80–4.36 eV� of this absorp-
tion is represented in a double-ended horizontal arrow.

Figure 3 shows the locations of interband absorption 1–3
plotted against particle diameter. The locations for films with
particle diameters of about 400, 320, 240, 160, and 90 Å
were also plotted, though spectra are not given in the present
paper. If energy bands of white-Sn particles are the same as
those of bulk, the locations of interband absorption 1–3 must
be independent of particle size. In Fig. 3, in particle sizes
larger than about 320 Å in diameter the locations of inter-
band absorption 1–3 are almost independent of particle size.
Thus, white-Sn particles, larger than this size, have energy
bands the same as those of bulk. This is the case for particles
in the films of Figs. 1�a� and 1�b�, i.e., these figures show the
spectra of bulk.

Figure 4 shows an electron micrograph of white-Sn island
film with particle diameter of about 480 Å �Fig. 1�a��. The
particles display a complex contrast structure due to the dif-
fraction contrast.14 Thus, they are in a polycrystalline state,
which is optically isotropic.

For films with particle diameters larger than about 160 Å,
only a body-centered-tetragonal �bct� structure could always
be identified in electron-diffraction patterns, implying that
the formation of compound layers on the particle surface or
the change of particles into compounds occurred rarely.
From the �200� diffraction ring, it was found that the lattice
constant a for particle sizes of about 300 and 160 Å in di-
ameter is, respectively, about 0.6 and 1.6 % smaller than that
of about 480 Å in diameter �Fig. 1�a�� �i.e., smaller than that
of bulk�. This shows contraction of lattice constants, con-
firming the occurrence of lattice contraction reported by
Spiga et al.8 �about 3% for the particles of 74 and 109 Å in
diameter�.

Electron-diffraction pattern was difficult to observe for Sn
particles smaller than about 160 Å in diameter �Figs.
2�b�–2�e�� because of the low contrast due to the SiO2 coat-
ing, so that we were not able to identify the crystal structure.
In the study by Spiga et al.8 Sn particles of 74 Å in diameter,
comparable to the size �about 70 Å in diameter� in Fig. 2�c�,
have the bct structure. Thus, we consider Sn particles in the
films of Figs. 2�b� and 2�c� to have the bct structure. It has
been reported15 that Sn particles smaller than about 50 Å in
diameter have a specific phase between the liquid and the
solid phase. If Sn particles have such phase, optical absorp-
tion must be entirely different from that of white-Sn par-
ticles. Absorption in the range above about 5.5 eV in Figs. 1
and 2�a�–2�c� is found also in Figs. 2�d� and 2�e�. From this,
Sn particles in the films of Figs. 2�d� and 2�e� presumably
also have the bct structure.

IV. DISCUSSION

A. Comparison with previous data

There have been several studies of the optical absorption
of bulk white-Sn �crystals or continuous films produced by
vacuum evaporation�. However, the absorption in the studies
is different, for example, as follows. Based on an analysis of
optical data of continuous films in the range 0.1–27.5 eV,
MacRae et al.16 have reported that interband absorption is
present at 1.2, 3, and 24.5 eV. Schwarz17 has measured on

FIG. 3. The locations of interband absorption 1–3 plotted
against particle diameter. � interband absorption 1; � interband
absorption 2; � interband absorption 3. The bar at 200 Å in diam-
eter for interband absorption 1 corresponds to the double-ended
horizontal arrow in Fig. 1�d�.

FIG. 4. Electron micrograph for the white-Sn island films with
particle diameter of about 480 Å �Fig. 1�a��.
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single crystals and continuous films in the 0.5–5.5 eV range.
He reported that for polarization parallel to the tetragonal
axis interband absorption exists at 1.15, 1.3, 3.4, and 4.1 eV,
and in the range 1.6–4 eV, and that for polarization perpen-
dicular to the tetragonal axis at 1.15, 1.3, 3.65, 4.2, and
4.7 eV. Jézéquel et al.18 have measured on continuous films
in the range from 2 to 15 eV and reported that interband
absorption is found at 2, 3.6, 4.3, and 5.2 eV. We were not
able to confirm the absorption in these studies because con-
tinuous films were difficult to produce in the present study.

Absorption in Figs. 1�a� and 1�b�, correspond to absorp-
tion of bulk �Sec. III�, is different from that in previous
studies.16–18 The cause of the difference was difficult to
clarify. Possible causes are mentioned below. Interband ab-
sorption in the range below about 3 eV in the previous
studies16,17 could not be detected in the present study �Figs.
1�a� and 1�b��. The reason may be that such interband ab-
sorption is very weak and thus difficult to detect because of
the overlap with interband absorption 1–3. In the case of In
particles,12 weak interband absorption at about 1.4 eV
�885 nm� was difficult to detect. Electron-diffraction patterns
of compounds were not found for samples in the present
study �Sec. III�. The presence of compound layers on the
sample surface was not checked in the previous studies.16–18

The difference in absorption in the range above about 3 eV
between the previous and present studies may be due to the
presence of compound layers on the sample surface in the
previous studies.

B. Identification of transitions in energy bands

We reproduce the band structure of bulk white-Sn by
Craven19 in Fig. 5. The symmetry points are shown, but we
have omitted the usual notation of the different bands and
simply denote the first seven bands of interest as the first to
seventh bands in order of increasing energy. Several bands
are seen to be nearly parallel. As is well known, interband
transition tends to occur strongly between parallel bands be-
cause the joint density of states �JDOS� is high.20 Based on
the Craven’s band structure, Schwartz17 has related observed
absorption to transitions between nearly parallel bands along

some directions �such as �X, �L, �W, and PV directions�.
However, several discrepancies were found in the relation.

In the following, by comparing the locations of interband
absorption 1–3 in Fig. 1�a� with energy differences between
nearly parallel bands in the Craven’s band structure, we as-
cribe interband absorption 1–3 to transitions between the
nearly parallel bands. Island films in the present study con-
sist of polycrystalline particles randomly oriented �Sec. III�.
Thus, we consider here all possible transitions, indepen-
dently from the selection rules associated with different light
polarization states.17

We identify interband absorption 1 with transitions from
the fourth band to the fifth band along �X, �L, and �W
near � �arrow 1 in Fig. 5�. This is because the location
�3.12±0.03 eV� of interband absorption 1 in Fig. 1�a� is al-
most in agreement with the energy difference �about
3.3–3.4 eV� between these bands.

The location �3.75±0.04 eV� of interband absorption 2 in
Fig. 1�a� agrees well with the energy difference �about
3.8–3.9 eV� between the third band and the fifth band along
�X and �W near �. Thus, we relate interband absorption 2 to
transitions between these bands �arrow 2 in Fig. 5�.

The band structure in Fig. 5 gives an energy difference of
about 5.7 eV between the second band and the fifth band
along �W near �. This difference is comparable to the loca-
tion �5.04±0.12 eV� of interband absorption 3 in Fig. 1�a�.
Thus, transitions between these bands �arrow 3 in Fig. 5� are
considered to be responsible for interband absorption 3.

The correspondence of the locations of interband absorp-
tion 1–3 to the energy differences in the band structure by
Craven is good as mentioned above. Based on this, we con-
sider that the Craven’s band structure and interband absorp-
tion 1–3 are valid. Ament and Vroomen21 have also calcu-
lated band structure of bulk white-Sn. However, there is poor
correspondence with interband absorption in the present
study.

C. Size-dependent change in energy bands

Very little data on energy bands of surface layers of bulk
white-Sn has been reported, and there has been very little

FIG. 5. Band structure of bulk white-Sn by Craven �Ref. 19�. Transitions represented in arrows 1–3 correspond to interband absorption
1–3, respectively.
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data on the effect of lattice contraction on energy bands of
bulk white-Sn.

In Fig. 3, the location of interband absorption 3 is almost
independent of particle size down to about 160 Å in diam-
eter. From this fact, we consider the initial and final bands
�the second and fifth bands� not to be shifted down to this
size. The position of the fifth band, the final band common to
interband absorption 1–3 �Fig. 5�, was difficult to study for
particle sizes smaller than about 160 Å in diameter. We as-
sume here that the fifth band is not shifted also in particle
sizes smaller than about 160 Å in diameter.

Energy bands of metal particles narrow as the effect of
low coordination-number of surface atoms strengthens �Sec.
I�. In the narrowing, the positions of bands below Fermi
level are raised relative to the Fermi level �the lower the
positions, the larger the raising�.22 When energy spacing be-
tween the initial and final bands is decreased due to the rais-
ing of the position of the initial band, interband absorption
shifts to lower energies. Spiga et al.8 have found the
coordination-number reduction �from 6 to around 5�, origi-
nates from low coordination-number of surface atoms, for
white-Sn particles of 74 and 109 Å in diameter. From this
size, the effect of low coordination-number of surface atoms
may appear for particle sizes smaller than about 100 Å in
diameter. In Fig. 3, in particle sizes smaller than about 100 Å
in diameter, interband absorption 3 is shifted to lower ener-
gies with decreasing particle size. Thus, the shift can quali-
tatively be ascribed to the energy-band narrowing. In this
case, corresponding to the shift of the location of interband
absorption 3 in Fig. 3, the initial band �the second band� is
shifted to higher positions relative to the Fermi level.

Energy bands of metal particles broaden with lattice con-
traction �Sec. I�. With broadening, interband absorption shifts
to higher energies because energy spacing between the initial
and final bands is increased.6,7 In this increase, the position
of the initial band is lowered relative to Fermi level. In the
present study, lattice contraction was found for particle sizes
of about 300 Å in diameter �Sec. III�, and in particle sizes
smaller than about 300 Å in diameter interband absorption 1
and 2 are shifted to higher energies with decreasing particle
size �Fig. 3�. Thus, we can qualitatively attribute the shift to
the energy-band broadening. In this case, corresponding to
the shift of the locations of interband absorption 1 and 2 in
Fig. 3, the initial bands �the third and fourth bands� are
shifted to lower positions relative to the Fermi level.

From this discussion of the shift of bands, we point out
that in white-Sn particles both the low coordination number
of surface atoms and the lattice contraction cause the change
in energy bands. Presumably, there occurs the competition
between the energy-band narrowing based on the low coor-
dination number and the energy-band broadening based on
the lattice contraction. As mentioned above, the narrowing
and the broadening mainly appear for the second band and
the third and fourth bands, respectively. This appearance
seems to be the result of the competition, which was difficult
to analyze in the present study.

The third and fourth bands, originate from the spin-orbit
splitting,19 are close to each other �Fig. 5�. Therefore, we
expect that these bands shift almost at the same time in lat-
tice contraction, i.e., interband absorption 1 and 2 is expected

to shift almost at the same time. In Fig. 3, interband absorp-
tion 1 and 2 are shifted almost at the same time in particle
sizes smaller than about 300 Å in diameter. This supports
that the Craven’s band structure19 and interband absorption
in the present study are valid.

Energy spacing between the second and third bands along
�W near � almost equals the difference in the location be-
tween interband absorption 2 and 3 �Fig. 5�. We see in Fig. 3
that this energy spacing is reduced from about 1.3 eV for
bulk �i.e., for sizes larger than about 320 Å in diameter� to
about 0.6 eV for particle sizes of about 70 Å in diameter.

In parallel bands,20 if bands depart from parallel, inter-
band absorption should weaken because the JDOS decreases
with departure. Interband absorption should disappear when
the decrease in the JDOS is large. In the present study, we
regard interband absorption to disappear when the step for
the interband absorption disappears in the derivative spec-
trum. In Figs. 1 and 2, the steps for interband absorption 1–3
become less and less defined with shift of their locations and
finally disappear. That is, interband absorption 1–3 weakens
with shifting and finally disappears, indicating a decrease in
the JDOS. Therefore, we consider that the initial bands �the
second, third, and fourth bands� and the final band �the fifth
band� depart from nearly parallel with energy-band narrow-
ing and broadening. It was difficult to clarify the mechanism
of the departure.

The decrease in the JDOS for interband absorption 1–3
was difficult to investigate quantitatively. The particle size,
below which interband absorption 1–3 disappears, is differ-
ent as shown in Figs. 1 and 2. It was difficult to clarify the
reason for this difference.

Optical constants of bulk white-Sn are uncertain at
present because as mentioned in Sec. IV A absorption of
bulk white-Sn in previous studies is different. For this, com-
parison with simulated spectrum based on bulk optical con-
stants in the previous studies was not done in the present
study.

D. Interactions with SiO2

The final band �the fifth band� is common to interband
absorption 1–3 �Fig. 5�. If electrons of the SiO2 matrix oc-
cupy the final state in the final band, transitions would be
restricted and thus interband absorption 1–3 would weaken
or disappear at the same time. As shown in Figs. 1 and 2,
when the particle size is decreased, interband absorption 1–3
did not disappear at the same time. This shows that the weak-
ening and disappearance of interband absorption 1–3 are not
due to occupation of the final state.

V. SUMMARY

We studied the interband absorption, due to transitions
between nearly parallel bands, of white-Sn particles experi-
mentally. In particle sizes smaller than about 300 Å in diam-
eter, interband absorption at about 3.1 and 3.8 eV was shifted
to higher energies with decreasing particle size. On the other
hand, in particle sizes smaller than about 100 Å in diameter,
interband absorption at about 5.0 eV was shifted to lower
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energies with decreasing particle size. The shift to the lower
and higher energies could qualitatively be explained by
energy-band narrowing due to the low coordination number
of surface atoms and by energy-band broadening due to the
lattice contraction, respectively. It was thus pointed out that
in white-Sn particles both the low coordination number and
the lattice contraction cause the change in energy bands. The
competition between the energy-band narrowing and broad-
ening occurs, presumably. However, this point was difficult
to investigate. The interband absorption weakened with shift-
ing and finally disappeared, which shows a decrease in the

JDOS. From this, we considered that the initial and final
bands depart from nearly parallel with energy-band narrow-
ing and broadening. The mechanism of the departure was
difficult to clarify.
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