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Effects of fictive temperature and halogen doping on the boson peak in silica glass
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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 temper@fdrand concentration of doped
halogen elemer(f or Cl). As results, it has been simply demonstrated fromreducedRaman spectra thét)
the peak position and full width at half maximum of the boson peak linearly increase with incrégsing
irrespective of the halogen concentrations, and in contf2sthe intensity is rather strongly dependent on the
halogen concentrations thdi. Since the result irfl) is much similar to the dependence ©pand fluorine
concentration for the IR absorption around 2260 rit has been concluded that the boson peak in silica glass
is microscopically related to the average magnitude and distribution-&-S8i bond angles in glass network.
The intensity enhancement {@) 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 terminaticil®e5B5i
bridges to some sort of vibrational motions, which may be related to the boson peak.
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I. INTRODUCTION peak to investigate any quantitative correlation between the

The Raman spectra of glasses always exhibit a charactep©Son peak andy. _
istic low-frequency structure, which has so far been called The other way to control the structural disorder employed

the boson peak? It has been believed that the boson peak isin this study is to dope a halogen element such as F or Cl of
strongly correlated with structural disorder in glasses, andlifferent concentrations. The structural change induced by
many reports on this topic in various glasses have beehalogen doping is fundamentally different from that by
publishec®8 In these reports samples with different degreeschanging T;,** because SiO-Si bonds in the glass net-
of structural disorder were prepared by thermal annealingwork are cut by F or Cl, resulting in the formation of Si-F or
pressure application, chemical doping, neutron irradiationSi-Cl bonds. Simultaneouslyi; in the doped glass can be
and so on. In spite of the various efforts, microscopic origincontrolled by the above-mentioned way. Therefore, it is in-
of the boson peak has not been settled yet. The present pageresting to compare the two ways on the boson peak.
reports on an investigation of the correlation between the
structural disorder and the boson peak in silica glass. Il. EXPERIMENTS

The degrees of structura! disorder in silice glass can be A. Experimental procedure
controlled in two ways: One is to change the fictive tempera- ) _
ture Ty, which is determined as the temperature where the Raman experiments were performed with a NRS-
properties of glass are the same as those of the supercooléd00JASCQ using a 488-nm Ar line as excitation source
liquid.® T; does not always provide a complete characterizaWith a laser power of 0.5 W. VH-depolarized spectra were
tion of the glass structure, because there is an example thgtéasured with a triple monochromator over the range from
glass samples having the safewhich is determined from 7 to 1000 cm' at intervals of about 1 cM. The spectral
one property, show differences in other propertfsEhis dis-  resolution was set to about 1 cmA pseudobackscattering
crepancy comes from the situation that various properties argonfiguration was chosen, where the incident angle of the
not necessarily always determined by the same relaxation&tSer was 30° and the scattering angle was 150°, because a
processed! However, when the sample reached really anbac'kscatterlng configuration did not suit for measuring spec-
equilibrium state at respective heat-treatment temperature§@ in the range below 100 cthdue to the strong reflected
T; determined as the heat-treatment temperature is a godght: The detector was a 16-bit charge coupled device
indicator of the glass structure. In silica glass, an infrared CCD) cooled by liquid nitrogen. . _
(IR) absorption around 2260 cfnand Raman scattering _All spectra were normalized by the intensity of the
peak around 495 cth (D, peak and 605 crit (D, peak 8'00—c.m'l peak ascribed to the SD-Sisymmetric stretching
have been investigated in samples reaching the equilibriuribration with Si motior* Since all of them were obtained
states, and thud; can be easily determined from these @t room temperature, the change of the spectral shape could
peakst2-15 Furthermore, various properties are strongly af-be directly evaluated without data reduction using the Bose
fected by the structural disorder. For example, the Rayleigi‘(f?‘Ctor-2 2
light scattering'®” x-ray small-angle scattering;'° Urbach
edge?® and Si-O-Sibond angle distributiot have been
found to change linearly withT;. Therefore, it should be Six types of silica glass with different F concentrations
worthwhile for settling the microscopic model of the bosonbetween 0 and 7.2 mol % and three types with different Cl

B. Sample preparation
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TABLE |. Range of the fictive temperature in prepared S UG L AL B B L
samples. [ (2) D, F=0.6 mol%]
~ [ r:1525K ]
Halogen concentration Range of the fictive § 35F }ﬂiﬁ p
(mol %) temperaturgK) g }ggg the bosonE
2
F: 0(CI:0) 1373-1623 § ir 1K 3
0.05 1223-1623 § f  UmK
0.6 1173-1523 ﬂé‘ -
2.0 1073-1523 % [
4.0 923-1373 g :
7.2 823-1523 52
Cl: 0.07 1373 N P S T
0.14 1373 1000 800 600 400 200 0
0.3 1373 Raman shift (cm™!)
0.7 1373
1.8 1373 o 00
2 02
=
concentrations between 0 and 1.8 mol % were used. Metal = 04
impurities were less than210°® mol % in all samples ex- — 06
cept a sample with 2.0 mol % F, where concentrations of < o3
Na, K, and Al were 1.X10° 1.7x10% and 4.0
X 10% mol %, respectively. OH concentrations in the
samples with 0 and 0.05 mol % F were X802 and 1
% 1073 mol %, respectively, whereas in other samples OH 4 Lo T ]
. . - T,=1373K
impurity could not been detected by IR absorption measure- = [ F: 0,05 mol% 4 ]
ments. Samples were of ¥010X 2 mm in size. g 3L 0.6 mol% ]
Samples with differenf; were prepared by thermal an- 5 [ 20mol% ]
nealing in air. Since F or Cl accelerates the structural relax- s f §omel® .
ation, samples with lower;’s could be prepared as the halo- 8 2 N ]
gen concentration increases. Table | shows the rande iof 2 ot .
the samples prepared in this study. In order to prove that the £ . -
samples reached really to equilibrium states at respective E L Si-F
heat-treatment temperatures, the relaxational process during g [
the annealing was monitored by measuring the IR peak ab- E oF
sorption around 2260 ¢ in quenched samples at room ~ B
temperaturé? Figure 1 shows examples of the relaxational [ | N |
I [ S N T S LY S N S Y A N Y

process at 700 °C in samples with 4.0 and 7.2 mol % F.

1000 800 600 400 200 0

T; was also checked by the intensity of the or D, peak

in the VV+VH (randonm) Raman scattering. Th& depen-
dence in samples with 0.6 mol % F is represented in Fig.
2(a). Difference spectra are shown in the lower parts in the
figure. It was therefore explicitly verified that the intensities

Raman shift (cm™)

FIG. 2. (a) VV+VH Raman spectra of 0.6-mol % F-doped silica
glasses with varioud;, (b) relative changes of the peak intensity,
Al, of D; andD, lines deduced fronfa), and(c) VV+VH Raman
spectra of samples with various F concentrations wHgnis
1373 K. Difference spectra are shown in the lower part&jrand

of the D; and D, peaks changed proportionally I [see
Fig. 2(b)], as already reporteld.

Figure 2c) shows the F-concentration dependence in
samples withT;=1100 °C. The changes by changing the F

concentration was consistent with our previous regdlts:
when having the sam@&;, the intensity of theD, peak is

2273 T T ~——
~ ! Annealing Temp. =973 K b
'y 2m F: 7.2 mol% | (b).
N
_q.‘; 2271 - D o—
= F: 4.0 mol%
2 2270 8
2
g 2269 8
2268 v L
0 500 1000 1500 2000
Time (min)

FIG. 1. Change of IR peak position around 2260 trmduring

annealing processes.

independent of the F concentration and the change of the
D;-peak intensity is also negligible. In addition, one can no-

tice in Fig. c) that the peaks at 945 and 480 ¢nincrease
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g wherelgp is the peak intensitywgp is the peak position, and

e 00 o is related to the full width at half maximum, FWHM

= wgp{exp(oy/In 2)—exp—ovIn 2)}. Because the log-normal
curve has already been proposed for attempting a cluster
) model?* it fitted well in all the spectrdsee the residuals in
Raman shift (cm™") Fig. 4), and 99% confidence intervals of the fitted parameters
were calculated +0.012 folgp, +0.5 cm?! for wgp, and
+3.2 cmt for FWHM, on average.

Figure 5a) shows the change of the intensityp) in the
samples with different F concentrations as a functiori of
The intensity is markedly enhanced by the F concentration
proportionally to the F concentration, corresponding to thewhile it tends to decline slightly with decreasifig. On the
Si-F stretching and bending vibrational modes, respectivelyother hand, it is noted that both the positiabgp) and the

FWHM are simply linear toT; irrespective of F concentra-
Il RESULTS tion, as shown in Fig. ®). The tendency of the peak shift to
A. VH-polarized Raman spectra a lower frequency with decreasifig coincides with the pre-

1000 800 600 400 200 0

FIG. 3. (8 VH Raman spectra of 2.0-mol % F-doped silica
glasses with variou$; and(b) VH Raman spectra of samples with
various F concentrations whdnp is 1373 K. Difference spectra are
shown in the lower parts.

VH spectra were measured to investigate the behaviors ofous report
the boson peak, because the main broad band at about
430 cn1t, which overlaps the bottom of high-frequency side C. Halogen concentration dependence
of the boson peak in the VV or VV+VH spectra, almost
disappears in the VH configuration. For example, Figs) 3
and 3b), respectively, show th&; dependence with a sample
of 2.0 mol % F and the F-concentration dependence with
sample ofT;=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 IV. DISCUSSION
sensitive toT;. The intensity markedly depends on the F
concentration. In the present experiment, the authors made it clear that

both the position and FWHM of the boson peak in silica
B. Ty dependence glass linearly correlate witfi; irrespective of halogen con-

In order to look quantitatively at the asymmetric shapecentration. In contrast, the intensity is strongly enhanced by

of the boson peak, the VH spectra were fitted in thethe halogen concentration.

The effect of the doped halogen concentration on the peak
intensity is shown in Fig. 6. It was found that Cl| doping
gwuch more enhances the intensity than F doping, while ap-
parently it does not affect the position and the FWHM.
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W1 T 7 width does not change so much while the position marginally
shifts. As shown in Fig. &), the intensities of th®; andD,
peaks, thought to be associated with the four- and three-
membered Si-O ring structuré$respectively, almost corre-
spond with each other. These results can be interpreted as
follows: although the SiO-Si bridges are partly terminated
by the formation of Si-F or Si-Cl bonds, the remaining
s o Si-O-Si network structures, characterized by the average
’ 400 800 1200 and distribution of the SiO-Sibond angles and the propor-

T (K) tion of the small ring structures, are comparable as far as
they have the samg;.

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-
sof @gp ing that the boson peak behaves in the same manner as an
optical vibrational mode.

L On the contrary, it is possible that the intensity of the
% 200 300 1200 1600 boson peak is related directly to the doped halogen element
T.(K) or indirectly to the termination of SD-Si networks. As
! shown the difference spectra in FigcRor 3(b), they keep

FIG. 5. (a) Intensity(Igp), (b) position(wgp), and FWHM of the ~ the similarity in characteristic asymmetric shape below
boson peak as a function &, calculated from the fitted curve. ~200 cmi* with changing the F concentration. The kind of
99% confidence intervals of the fitted parameters were calculatef@logen element does not affect the position and width at the
+0.012 forlgp, +0.5 cnT? for wgp, and +3.2 cmt for FWHM, on ~ sameT;. Thus, it appears certain that the intensity is not
average. The solid lines ifb) are guides to the eye. apparently enhanced by overlappingew optical mode at-

tributed to the Si-F or Si-Cl bond at such low frequencies.

The T; dependence for the boson peak is much similar to  |n Raman scatteringRS) the Bose factor reduced spec-
that for the IR absorption at around 2260 Cpattributed to  trum is proportional both to the vibrational density of states,
an overtone of the stretching vibrational mode of G Si g(w), and the Raman coupling coefficigBtw).22 Even if all
bridges. Its position, being strongly proportional Ta*?is  the spectra in this study are reduced, the tendency in the
reflected by the variations of the average ofGiSibond  gpectral shape by changing halogen concentration as well as
responds to the smaller average bond afigle.our previous  room temperature. At this point, however, it cannot be dis-
study;“ it was additionally shown in th&; dependence that tinctly determined whichg(w) or C(w), contributes to the
its width, indicating the distribution of the bond angles, orjntensity enhancement accompanied by halogen doping.
basically the degree of “structural disorder” in silica glass, Tpe difficulty of separation betweeg(w) and C(w) for
linearly decreases with decreasing _ RS has so far produced a few interpretations concerning the

We further pointed out the F-concentration dependence ofrigin of the boson peak in silica glass. For example, a model
the IR absorption that when the samflgis the same, the ¢ the phonon localization by disorder in glass strucfir,

WO T T T T T T T a cluster modet*?°3%and 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 evaluateg(w) from the inelastic neutron scattering
(INS),3%32 and others further to deduc® w) by comparing
INS with RS3334 Among them, the possibility of optical
modes ascribed to collective rotational motions of several
SiO, tetrahedra has been suggested as the origin of the boson
peak from INS?! hyper-Raman scatterirnj,and theoretical
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[ calculations®® From many points of view it has still been
Lor under debate.
osF At this moment, two possibilities can be considered about
Tt the intensity enhancement in the boson peak by halogen dop-
e ing. One is a direct contribution of F or Cl atoms due to

Halogen concentration (mol%) diffusive motions falling within the range of the boson peak.

The other is an indirect contribution by the termination of

FIG. 6. Halogen concentration dependence of the boson peaki-O-Sibridges to some sort of vibrational motions related
intensity. The solid lines are guides to the eye. to SiO, tetrahedra as described above. The latter hypothesis
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is consistent with the increase of the far-IR absorption corcally related to the average magnitude and distribution of the
responding to the boson peak with increasing OHSIi-O-Sibond angles. The intensity enhancement has sug-
concentratior¥’ Further investigations with INS, specific gested two possibilities about the contribution of the doped
heat at low temperature, etc., will make clearer this point. 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-
V. CONCLUSIONS bution introduced by the termination of -%)-Si bridges to
some sort of vibrational motions, which may be related to the

We have presented the effects if and halogen doping ,poson beak

on the boson peak in silica glass. It has been simply demo
strated fromnonreducedRaman spectra that both the peak ACKNOWLEDGMENTS
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