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We have investigated the effect of structural disorder on the boson peak in the Raman scattering of silica
glass. The structural disorder was controlled in two ways: fictive temperaturesTfd and concentration of doped
halogen elementsF or Cld. As results, it has been simply demonstrated fromnonreducedRaman spectra thats1d
the peak position and full width at half maximum of the boson peak linearly increase with increasingTf

irrespective of the halogen concentrations, and in contrast,s2d the intensity is rather strongly dependent on the
halogen concentrations thanTf. Since the result ins1d is much similar to the dependence onTf and fluorine
concentration for the IR absorption around 2260 cm−1, it has been concluded that the boson peak in silica glass
is microscopically related to the average magnitude and distribution of Si-O-Si bond angles in glass network.
The intensity enhancement ins2d has suggested two possibilities about the contribution of the doped halogen
element to the boson peak: One is a direct contribution of F or Cl atoms due to diffusive motions falling within
the range of the boson peak. The other is an indirect contribution introduced by the termination of Si-O-Si
bridges to some sort of vibrational motions, which may be related to the boson peak.
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I. INTRODUCTION

The Raman spectra of glasses always exhibit a character-
istic low-frequency structure, which has so far been called
theboson peak.1,2 It has been believed that the boson peak is
strongly correlated with structural disorder in glasses, and
many reports on this topic in various glasses have been
published.3–8 In these reports samples with different degrees
of structural disorder were prepared by thermal annealing,
pressure application, chemical doping, neutron irradiation,
and so on. In spite of the various efforts, microscopic origin
of the boson peak has not been settled yet. The present paper
reports on an investigation of the correlation between the
structural disorder and the boson peak in silica glass.

The degrees of structural disorder in silica glass can be
controlled in two ways: One is to change the fictive tempera-
ture Tf, which is determined as the temperature where the
properties of glass are the same as those of the supercooled
liquid.9 Tf does not always provide a complete characteriza-
tion of the glass structure, because there is an example that
glass samples having the sameTf, which is determined from
one property, show differences in other properties.10 This dis-
crepancy comes from the situation that various properties are
not necessarily always determined by the same relaxational
processes.11 However, when the sample reached really an
equilibrium state at respective heat-treatment temperatures,
Tf determined as the heat-treatment temperature is a good
indicator of the glass structure. In silica glass, an infrared
sIRd absorption around 2260 cm−1 and Raman scattering
peak around 495 cm−1 sD1 peakd and 605 cm−1 sD2 peakd
have been investigated in samples reaching the equilibrium
states, and thusTf can be easily determined from these
peaks.12–15 Furthermore, various properties are strongly af-
fected by the structural disorder. For example, the Rayleigh
light scattering,16,17 x-ray small-angle scattering,18,19 Urbach
edge,20 and Si-O-Sibond angle distribution14 have been
found to change linearly withTf. Therefore, it should be
worthwhile for settling the microscopic model of the boson

peak to investigate any quantitative correlation between the
boson peak andTf.

The other way to control the structural disorder employed
in this study is to dope a halogen element such as F or Cl of
different concentrations. The structural change induced by
halogen doping is fundamentally different from that by
changing Tf,

14 because Si-O-Si bonds in the glass net-
work are cut by F or Cl, resulting in the formation of Si-F or
Si-Cl bonds. Simultaneously,Tf in the doped glass can be
controlled by the above-mentioned way. Therefore, it is in-
teresting to compare the two ways on the boson peak.

II. EXPERIMENTS

A. Experimental procedure

Raman experiments were performed with a NRS-
2100sJASCOd using a 488-nm Ar line as excitation source
with a laser power of 0.5 W. VH-depolarized spectra were
measured with a triple monochromator over the range from
7 to 1000 cm−1 at intervals of about 1 cm−1. The spectral
resolution was set to about 1 cm−1. A pseudobackscattering
configuration was chosen, where the incident angle of the
laser was 30° and the scattering angle was 150°, because a
backscattering configuration did not suit for measuring spec-
tra in the range below 100 cm−1 due to the strong reflected
light. The detector was a 16-bit charge coupled device
sCCDd cooled by liquid nitrogen.

All spectra were normalized by the intensity of the
800-cm−1 peak ascribed to the Si-O-Si symmetric stretching
vibration with Si motion.21 Since all of them were obtained
at room temperature, the change of the spectral shape could
be directly evaluated without data reduction using the Bose
factor.22

B. Sample preparation

Six types of silica glass with different F concentrations
between 0 and 7.2 mol % and three types with different Cl
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concentrations between 0 and 1.8 mol % were used. Metal
impurities were less than 2310−6 mol % in all samples ex-
cept a sample with 2.0 mol % F, where concentrations of
Na, K, and Al were 1.0310−5, 1.7310−4, and 4.0
310−4 mol %, respectively. OH concentrations in the
samples with 0 and 0.05 mol % F were 1.8310−2 and 1
310−3 mol %, respectively, whereas in other samples OH
impurity could not been detected by IR absorption measure-
ments. Samples were of 1031032 mm in size.

Samples with differentTf were prepared by thermal an-
nealing in air. Since F or Cl accelerates the structural relax-
ation, samples with lowerTf’s could be prepared as the halo-
gen concentration increases. Table I shows the range ofTf in
the samples prepared in this study. In order to prove that the
samples reached really to equilibrium states at respective
heat-treatment temperatures, the relaxational process during
the annealing was monitored by measuring the IR peak ab-
sorption around 2260 cm−1 in quenched samples at room
temperature.12 Figure 1 shows examples of the relaxational
process at 700 °C in samples with 4.0 and 7.2 mol % F.

Tf was also checked by the intensity of theD1 or D2 peak
in the VV+VH srandomd Raman scattering. TheTf depen-
dence in samples with 0.6 mol % F is represented in Fig.
2sad. Difference spectra are shown in the lower parts in the
figure. It was therefore explicitly verified that the intensities

of the D1 and D2 peaks changed proportionally toTf fsee
Fig. 2sbdg, as already reported.13

Figure 2scd shows the F-concentration dependence in
samples withTf =1100 °C. The changes by changing the F
concentration was consistent with our previous results:23

when having the sameTf, the intensity of theD2 peak is
independent of the F concentration and the change of the
D1-peak intensity is also negligible. In addition, one can no-
tice in Fig. 2scd that the peaks at 945 and 480 cm−1 increase

TABLE I. Range of the fictive temperature in prepared
samples.

Halogen concentration
smol %d

Range of the fictive
temperaturesKd

F: 0 sCl:0d 1373–1623

0.05 1223–1623

0.6 1173–1523

2.0 1073–1523

4.0 923–1373

7.2 823–1523

Cl: 0.07 1373

0.14 1373

0.3 1373

0.7 1373

1.8 1373

FIG. 1. Change of IR peak position around 2260 cm−1 during
annealing processes.

FIG. 2. sad VV+VH Raman spectra of 0.6-mol % F-doped silica
glasses with variousTf, sbd relative changes of the peak intensity,
DI, of D1 andD2 lines deduced fromsad, andscd VV+VH Raman
spectra of samples with various F concentrations whenTf is
1373 K. Difference spectra are shown in the lower parts insad and
sbd.
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proportionally to the F concentration, corresponding to the
Si-F stretching and bending vibrational modes, respectively.

III. RESULTS

A. VH-polarized Raman spectra

VH spectra were measured to investigate the behaviors of
the boson peak, because the main broad band at about
430 cm−1, which overlaps the bottom of high-frequency side
of the boson peak in the VV or VV+VH spectra, almost
disappears in the VH configuration. For example, Figs. 3sad
and 3sbd, respectively, show theTf dependence with a sample
of 2.0 mol % F and the F-concentration dependence with a
sample ofTf =1100 °C. Difference spectra are shown in the
lower parts. Apparently, some features of the boson peak can
be clearly observed in Fig. 3: the peak position seems to be
sensitive toTf. The intensity markedly depends on the F
concentration.

B. Tf dependence

In order to look quantitatively at the asymmetric shape
of the boson peak, the VH spectra were fitted in the

10–200-cm−1 frequency range with a log-normal curve as

Isvd = IBP expS−
sln v − ln vBPd2

s2 D ,

whereIBP is the peak intensity,vBP is the peak position, and
s is related to the full width at half maximum, FWHM
=vBPhexpssÎln 2d−exps−sÎln 2dj. Because the log-normal
curve has already been proposed for attempting a cluster
model,24 it fitted well in all the spectrassee the residuals in
Fig. 4d, and 99% confidence intervals of the fitted parameters
were calculated ±0.012 forIBP, ±0.5 cm−1 for vBP, and
±3.2 cm−1 for FWHM, on average.

Figure 5sad shows the change of the intensitysIBPd in the
samples with different F concentrations as a function ofTf.
The intensity is markedly enhanced by the F concentration
while it tends to decline slightly with decreasingTf. On the
other hand, it is noted that both the positionsvBPd and the
FWHM are simply linear toTf irrespective of F concentra-
tion, as shown in Fig. 5sbd. The tendency of the peak shift to
a lower frequency with decreasingTf coincides with the pre-
vious report.4

C. Halogen concentration dependence

The effect of the doped halogen concentration on the peak
intensity is shown in Fig. 6. It was found that Cl doping
much more enhances the intensity than F doping, while ap-
parently it does not affect the position and the FWHM.

IV. DISCUSSION

In the present experiment, the authors made it clear that
both the position and FWHM of the boson peak in silica
glass linearly correlate withTf irrespective of halogen con-
centration. In contrast, the intensity is strongly enhanced by
the halogen concentration.

FIG. 3. sad VH Raman spectra of 2.0-mol % F-doped silica
glasses with variousTf andsbd VH Raman spectra of samples with
various F concentrations whenTf is 1373 K. Difference spectra are
shown in the lower parts.

FIG. 4. Measured VH Raman spectrasdotd with a fitted curve
slined using a log-normal function in the frequency range
10–200 cm−1. The residuals of the fit in % are shown in the lower
parts.
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The Tf dependence for the boson peak is much similar to
that for the IR absorption at around 2260 cm−1, attributed to
an overtone of the stretching vibrational mode of Si-O-Si
bridges. Its position, being strongly proportional toTf,

12 is
reflected by the variations of the average of Si-O-Si bond
angles in silica glass network: the smaller wave number cor-
responds to the smaller average bond angle.25 In our previous
study,14 it was additionally shown in theTf dependence that
its width, indicating the distribution of the bond angles, or
basically the degree of “structural disorder” in silica glass,
linearly decreases with decreasingTf.

We further pointed out the F-concentration dependence of
the IR absorption that when the sampleTf is the same, the

width does not change so much while the position marginally
shifts. As shown in Fig. 2scd, the intensities of theD1 andD2
peaks, thought to be associated with the four- and three-
membered Si-O ring structures,26 respectively, almost corre-
spond with each other. These results can be interpreted as
follows: although the Si-O-Si bridges are partly terminated
by the formation of Si-F or Si-Cl bonds, the remaining
Si-O-Si network structures, characterized by the average
and distribution of the Si-O-Si bond angles and the propor-
tion of the small ring structures, are comparable as far as
they have the sameTf.

Accordingly, it may be allowed to conclude that the posi-
tion and FWHM of the boson peak in silica glass are micro-
scopically related to the average magnitude and distribution
of the Si-O-Sibond angles in the networks, irrelevant to the
network termination by halogen elements. It is very interest-
ing that the boson peak behaves in the same manner as an
optical vibrational mode.

On the contrary, it is possible that the intensity of the
boson peak is related directly to the doped halogen element
or indirectly to the termination of Si-O-Si networks. As
shown the difference spectra in Fig. 2scd or 3sbd, they keep
the similarity in characteristic asymmetric shape below
,200 cm−1 with changing the F concentration. The kind of
halogen element does not affect the position and width at the
sameTf. Thus, it appears certain that the intensity is not
apparently enhanced by overlapping anewoptical mode at-
tributed to the Si-F or Si-Cl bond at such low frequencies.

In Raman scatteringsRSd the Bose factor reduced spec-
trum is proportional both to the vibrational density of states,
gsvd, and the Raman coupling coefficientCsvd.22 Even if all
the spectra in this study are reduced, the tendency in the
spectral shape by changing halogen concentration as well as
Tf does not change because they were measured at the same
room temperature. At this point, however, it cannot be dis-
tinctly determined which,gsvd or Csvd, contributes to the
intensity enhancement accompanied by halogen doping.

The difficulty of separation betweengsvd and Csvd for
RS has so far produced a few interpretations concerning the
origin of the boson peak in silica glass. For example, a model
of the phonon localization by disorder in glass structure,27,28

a cluster model,24,29,30and so on have been introduced from
the frequency dependence on the reduced spectral shape rela-
tive to the Debye prediction. Some have attempted to di-
rectly evaluategsvd from the inelastic neutron scattering
sINSd,31,32 and others further to deduceCsvd by comparing
INS with RS.33,34 Among them, the possibility of optical
modes ascribed to collective rotational motions of several
SiO4 tetrahedra has been suggested as the origin of the boson
peak from INS,31 hyper-Raman scattering,35 and theoretical
calculations.36 From many points of view it has still been
under debate.

At this moment, two possibilities can be considered about
the intensity enhancement in the boson peak by halogen dop-
ing. One is a direct contribution of F or Cl atoms due to
diffusive motions falling within the range of the boson peak.
The other is an indirect contribution by the termination of
Si-O-Si bridges to some sort of vibrational motions related
to SiO4 tetrahedra as described above. The latter hypothesis

FIG. 5. sad IntensitysIBPd, sbd positionsvBPd, and FWHM of the
boson peak as a function ofTf, calculated from the fitted curve.
99% confidence intervals of the fitted parameters were calculated
±0.012 for IBP, ±0.5 cm−1 for vBP, and ±3.2 cm−1 for FWHM, on
average. The solid lines insbd are guides to the eye.

FIG. 6. Halogen concentration dependence of the boson peak
intensity. The solid lines are guides to the eye.
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is consistent with the increase of the far-IR absorption cor-
responding to the boson peak with increasing OH
concentration.37 Further investigations with INS, specific
heat at low temperature, etc., will make clearer this point.

V. CONCLUSIONS

We have presented the effects ofTf and halogen doping
on the boson peak in silica glass. It has been simply demon-
strated fromnonreducedRaman spectra that both the peak
position and FWHM linearly correlate withTf irrespective of
halogen concentrations and that the intensity is rather
strongly dependent on the halogen concentrations. From
other peak behaviors of the IR absorption and theD1 andD2
in the Raman scattering, we have concluded that the position
and FWHM of the boson peak in silica glass are microscopi-

cally related to the average magnitude and distribution of the
Si-O-Si bond angles. The intensity enhancement has sug-
gested two possibilities about the contribution of the doped
halogen element to the boson peak: One is a direct contribu-
tion of F or Cl atoms due to diffusive motions falling within
the range of the boson peak. The other is an indirect contri-
bution introduced by the termination of Si-O-Si bridges to
some sort of vibrational motions, which may be related to the
boson peak.
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