
PHYSICAL REVIEW B 15 FEBRUARY 1997-IVOLUME 55, NUMBER 7
Interband absorption of Ru studied by optical absorption of continuous thin films
and small particles
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Department of Physics, Asahikawa Medical College, Asahikawa 078, Japan
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Research Institute of Electronics, Shizuoka University, Hamamatsu 432, Japan

~Received 11 July 1996; revised manuscript received 24 September 1996!

For continuous thin Ru films and Ru island films consisting of Ru particles smaller than about 320 Å in
diameter, optical absorption has been measured in the photon energy range of 0.5–6.5 eV. Absorption, found
below about 1 eV and at about 2, 3, 3.6, and 4.5–5 eV for the continuous thin films, shifted to higher energies
and became weaker with decreasing particle size. This change is accompanied by lattice contraction and is
similar to the lattice-contraction-induced change in interband absorption of hcp Co. Thus, the absorption is
interband absorption as for hcp Co, and is due to transitions fromd states into empty states above the Fermi
level. The absorption at about 2, 3, and 3.6 eV shifted almost equally~0.2–0.3 eV! and disappeared at almost
the same time below about 70 Å in diameter, indicating thatd states are close to each other. The absorption at
about 4.5–5 eV was still well defined at about 25 Å in diameter. Cu, Ni, and Pd particles have also shown such
well-defined interband absorption. Thus, as for Cu, Ni, and Pd,d states are presumably in flat or parallel bands.
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I. INTRODUCTION

The electronic structure of small particles and clusters
been known to change with particle and cluster size.1 With
this change optical properties, such as interband absorp
of the small particles and the clusters also change. For
ample, in Cu particles,2 d bands broaden with decreasin
particle size because lattices contract with decreasing par
size, and with this broadening interband absorption due
transitions from lowest-lyingd states into empty states abov
the Fermi level shifts to higher energies and becom
weaker. The shift is due to the lowest-lyingd states shifting
to lower energies relative to the Fermi level.2 The weakening
is caused by the joint density of states for the transitio
decreasing due to the decrease in the density of states fo
lowest-lyingd states.2

As mentioned above, there is the example of the cha
in interband absorption with particle size. Thus if absorpti
found for bulk, changes with particle size, there is the p
sibility that the absorption is interband absorption. When
absorption is interband absorption, we can obtain inform
tion on the interband absorption from the analysis of
change with particle size. Thus, the investigation of
change in absorption, found for bulk, with particle size
useful in the study of interband absorption.

There is very little data on interband absorption~and en-
ergy bands! of Ru. Continuous thin metal films have bee
accepted to have bulk optical properties.3 In this study, com-
paring absorption of continuous thin Ru films with that of R
island films consisting of Ru particles, the change in
absorption, found for the continuous thin films~i.e., for
bulk!, with particle size is investigated. Based on the sim
larity between this change, accompanied by lattice cont
tion, and the lattice-contraction-induced change in interb
absorption of hcp Co,4 interband absorption of Ru is ident
550163-1829/97/55~7!/4783~4!/$10.00
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fied. d states for transitions are discussed by analyzing
change in the absorption with particle size, and by referr
to interband absorption of Cu~Ref. 2! and Ni and Pd~Ref. 5!
particles.

II. EXPERIMENT

The samples were prepared by vacuum evaporation
conditions similar to those described in a previous paper.5 Ru
~purity 99.9%! was deposited both on a SiO2-coated fused-
quartz substrate and on SiO2-coated carbon meshes, whic
were heated to about 600 °C during deposition. Then, the
island films were annealed at the same temperature for
After annealing, the films were coated with SiO2 to prevent
adsorption or chemical reactions on exposure to air and t
cooled to room temperature at a rate of about 1–2 °C
Continuous thin Ru films have been produced by the ab
procedure, but the temperature of the substrate and the
nealing was about 100 °C and the annealing time was 1
The weight thickness and the deposition rate were monito
with a quartz-crystal oscillator. In the spectral range of int
est here, the transmittance of the evaporated SiO2 film with-
out Ru particles was almost constant.

Optical and electron-microscopic investigations were c
ried out after exposure of the samples to air. In the pho
energy range of 0.5–6.5 eV, transmittance spectra for nor
incidence and their derivatives were measured within exp
mental accuracies of60.1% and6~0.00120.01! eV at room
temperature with a double-beam spectrophotometer. The
rivative was measured at a wavelength difference of abo
nm. The particle size and the electron diffraction patte
were investigated with an electron microscope operating
200 kV. In the spectra in this paper, the scale of the deri
tive is the same and the inset shows the particle-size di
bution in vol. %.
4783 © 1997 The American Physical Society
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III. RESULTS AND DISCUSSION

The contrast of polycrystalline particles is not unifor
because of the diffraction contrast; i.e., polycrystalline p
ticles show complex contrast structure.6 The continuous thin
Ru films and the Ru particles in this study showed su
contrast. Thus they are polycrystalline.

In this study, only the hcp structure could always be ide
tified in electron-diffraction patterns. From this resu
chemical reactions such as oxidation are considered to o
rarely. Thus the formation of a compound layer~such as
oxide layer! on the surface of the continuous thin Ru film
and the Ru particles is not taken into account.

A. Spectra of continuous thin Ru films and Ru island films
with large particle size

Figure 1 shows an example of the transmittance spect
and its derivative of continuous thin Ru films. Below abou
eV, transmittance decreases with decreasing energy.
dips labeled 1, 2, 3, and 4 are found at about 2, 3, 3.6,
4.5–5 eV in the transmittance spectrum, respectively. In
derivative the sloped part for the dip 4 is ill defined com
pared to the sloped parts for other dips. Thus the positio
this dip is difficult to identify, so that the range of the pre
ence is represented by the double-ended horizontal arro

Optical properties of continuous thin metal films ha
been accepted to be about the same as those of bulk m3

Thus, based on the decrease in the transmittance and o
presence of the four dips, we see that in bulk Ru, absorp
is present below about 1 eV and at about 2, 3, 3.6, and 4.
eV in the range of about 0.5–5 eV.

Figure 2 shows the transmittance spectrum and its der

FIG. 1. Transmittance spectrum~solid curve! and its derivative
~dotted curve! for a continuous thin Ru film. The weight thicknes
is 118.1 Å. The deposition rate was 0.12 Å/s.

FIG. 2. Transmittance spectrum~solid curve! and its derivative
~dotted curve! for a Ru island film with a particle diameter of abo
320 Å. The weight thickness is 34.7 Å. The deposition rate w
0.06 Å/s.
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tive of a Ru island film with particle diameter of about 32
Å. The decrease in the transmittance and the four dips in
1 are found in Fig. 2 also, and the general structures in
range of about 0.5–5 eV in the transmittance spectra in
2 almost agree with those in Fig. 1. This shows that in
range of about 0.5–5 eV, optical absorption of Ru partic
with large particle sizes as in Fig. 2 is about the same as
of bulk.

When the weight thickness is thicker than that~34.7 Å! of
the island film in Fig. 2, a continuous-network structure7 due
to agglomeration of large particles was formed on the s
strate; i.e., island films were not formed. Thus island film
with particle sizes smaller than that~about 320 Å in diam-
eter! of the island film in Fig. 2 have been studied in th
study.

In Fig. 1 the absorption for the dip 1 is slightly strong
than that for the dip 2 but in Fig. 2 the absorption is on
slightly weaker for the dip 1 than for the dip 2. The reas
for this difference is not clear. Above about 5.5 eV in Fig.
absorption increases with energy. This contrasts with the
crease in absorption above about 5.5 eV in Fig. 2. The ca
of this contrast is not clear.

Island films of fcc transition metals have shown the op
cal plasma-resonance absorption~OPRA!,5 which results
from the plasma oscillation of conduction electrons and d
not appear in the spectrum of bulk.8 The above near agree
ment of the general structures of the transmittance spe
obviously shows that the OPRA is absent in the spectrum
the island film in Fig. 2. The reason may be that the OPRA
present in the energy range higher than that in this study
that the OPRA does not occur because of the conduct
electron localization due to the strongd character as in Fe
and Cr.9

B. Spectrum of Ru island films and interband absorption
of Ru

Figures 3~a!, 3~b!, and 3~c! show the transmittance spec
trum and its derivative of the island film with particle diam
eters of about 180, 120, and 70 Å, respectively. In Fig. 3~c!,
the positions, at which the dips seem to be present, are
beled in the transmittance spectrum, because in the de
tive the sloped parts for the dips are not clear and thus
identification of the position of the dips is difficult.

The transmittance spectrum and its derivative at abou
and 25 Å in diameters are shown in Figs. 4~a! and 4~b!,
respectively.

From Figs. 2–4, we see that the absorption below abo
eV and for the dips shifts to higher energies and becom
weaker with decreasing particle size.

The lattice constanta has been investigated by measuri
the diameter of the~110! diffraction ring. The diameter for
the continuous thin film of Fig. 1 was about 1.4% smal
than that for the island film with particle diameter of abo
25 Å @Fig. 4~b!#. This shows that the lattice constanta of the
particles of about 25 Å in diameter is smaller than that
bulk by about 1.4%, and that as in noble- and transitio
metal particles,2,10,11lattices of the Ru particles contract wit
decreasing particle size. The investigation of the lattice c
stantc was difficult because diffraction rings for this lattic
constant were very weak.
s
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55 4785INTERBAND ABSORPTION OF Ru STUDIED BY . . .
The lattice contraction has been known to affect opti
properties.12 Thus the above shift and weakening found
Figs. 2–4 seem to result from the lattice contraction. T
point is considered below by referring to the lattic
contraction effect on interband absorption of hcp Co,4 of
which the energy bands are presumably similar to those
Ru.

FIG. 3. Transmittance spectra~solid curves! and their deriva-
tives ~dotted curves! for Ru island films with particle diameters o
about~a! 180, ~b! 120, and~c! 70 Å. The weight thickness and th
deposition rate are~a! 24.3 Å and 0.05 Å/s,~b! 17.4 Å and 0.05 Å/s,
and ~c! 13.9 Å and 0.08 Å/s.

FIG. 4. Transmittance spectra~solid curves! and their deriva-
tives ~dotted curves! for Ru island films with particle diameters o
about~a! 50 and~b! 25 Å. The weight thickness and the depositio
rate are~a! 10.4 Å and 0.09 Å/s and~b! 7.0 Å and 0.10 Å/s.
l
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For ferromagnetic hcp Co, the effect of the lattice contra
tion of 6% ina andc on interband absorption due to trans
tions fromd states into empty states above the Fermi le
has theoretically been studied in the range of 0–6.8 eV
neglecting the effect of the anisotropy relative to thec axis
on the transitions.4 The study showed that the interband a
sorption shifts to higher energies and becomes weak.
shift and weakening are, respectively, in qualitative agr
ment with the above shift and weakening found in Figs. 2
This agreement shows that the shift and the weakening fo
in Figs. 2–4 result from the lattice contraction, and thus t
the absorption below about 1 eV and for the dips is interba
absorption due to transitions fromd states into empty state
above the Fermi level.

In Ref. 4, it has also been shown that the lattice contr
tion broadensd bands of hcp Co. From this broadening a
the above size-dependent lattice contraction of the Ru
ticles,d bands of the Ru particles are considered to broa
with decreasing particle size.

Mechanisms of the shift and the weakening of the abso
tion below about 1 eV and for the dips are presumably
same as those for the Cu particles in Sec. I: Whend bands
broaden with decreasing particle size, the shift and the we
ening are, respectively, due to the shift ofd states and due to
the decrease in the density of states~DOS! for d states.

d and empty states for the absorption below about 1
must be present near the Fermi level because the absor
appears in the low-energy range.

The shift of the absorption for the dips 1–3 is apprecia
in the comparison of Fig. 2 with Fig. 3~b! and is almost
equal, i.e., the shift for the dips 1, 2, and 3 is, respective
about 0.3, 0.2, and 0.2 eV. We see from Figs. 3 and 4
below about 70 Å in diameter@Fig. 3~c!#, the absorption for
the dips 1–3 disappears at almost the same time. The ne
equal shift and disappearance showd states for the absorp
tion for the dips 1–3 to be close to each other, because
mentioned above, the change ind states~i.e., the shift ofd
states and the DOS decrease ford states! is responsible for
the shift and weakening.

The absorption for the dip 4 is different from the absor
tion for other dips in that it is still well defined at a partic
size of about 25 Å in diameter@Fig. 4~b!#. Cu ~Ref. 2! and Ni
and Pd~Ref. 5! particles have also shown such well-defin
interband absorption, as mentioned below.

In the Cu particles,2 the interband absorption mentione
in Sec. I~due to transitions, occurring primarily along theL
direction, from lowest-lyingd states into empty states abov
the Fermi level!13 is still well defined at about 35 Å in diam
eter. The reason is that the joint density of states~JDOS! is
originally large because the band for the lowest-lyingd
states is flat nearL.14 In the Ni and Pd particles,5 interband
absorption that is mainly due to transitions betweend states
and empty states above the Fermi level in theS
direction,15,16where the bands for thed and empty states ar
quite parallel over an extended region, is still well defined
about 30–15 Å in diameter. This is due to the fact that
JDOS is originally large because of the quite parallel ban

Based on the above cases of the Cu, Ni, and Pd partic
d states for the absorption for the dip 4 are presuma
present in flat or parallel bands.
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For metal island films, it has theoretically been repor
that the dipole interaction between particles has an effec
the OPRA.17 However, very little has been reported on t
effect of interactions between particles on interband abs
tion. Thus the effect of interactions between the Ru partic
was not considered in this study.

For Ag particles embedded in a SiO2 matrix, the influence
of the interaction between the particles and the matrix on
OPRA has theoretically been reported.18 However, for metal
particles embedded in matrices, very little has been repo
on influences of interactions between the particles and
matrices on interband absorption. Thus, in this study,
influence of the interactions between the Ru particles and
SiO2 matrix was not taken into account.

IV. SUMMARY

Optical absorption of continuous thin Ru films and R
island films has been measured. For the continuous thin fi
absorption was found below about 1 eV and at about 2
3.6, and 4.5–5 eV in the range of about 0.5–5 eV. T
absorption was found for the island films also, and it shif
to higher energies and became weaker with lattice cont
o
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tion, which occurs with decreasing particle size. Based
the similarity between this change and the lattic
contraction-induced change in interband absorption of
Co, the absorption could be shown to be interband abs
tion due to transitions fromd states into empty states abov
the Fermi level.

The shift of the absorption at about 2, 3, and 3.6 eV w
almost equal, and this absorption disappeared at alm
the same time below about 70 Å in diameter. This showd
states for the absorption to be close to each other. The
sorption at about 4.5–5 eV was still well defined at about
Å in diameter. Such well-defined interband absorption h
been found for Cu, Ni, and Pd particles also, in which t
well definition is due to the presence ofd states in flat or
parallel bands. Thusd states for the absorption are presum
ably present in flat or parallel bands.
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