PHYSICAL REVIEW B VOLUME 57, NUMBER 9 1 MARCH 1998-I

Effect of OH content on the far-infrared absorption and low-energy states in silica glass
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The far-infrared absorption for two types of silica glaséamtaining<1 ppm and~ 200 ppm of OH has
been quantitatively investigated in the region 10—100tmit room temperature. An absorption coefficient
a(v) increased with increasing OH content and a broad peak on a ple{©f v> vs v, corresponding to a
“boson peak” shifted from 41 to 36 cit. The OH-related absorption increade(v), showed a monotonic
increase with frequency in contrast to that previously published. The rate of the absorption increage/
a(v) showed a rapid decrease with frequency obeying a powersdaw!’ between~17 and 51 cr?,
whereas it decreased very slowly belewd7 cmi L. It is suggested on the basis of a noncontinuous network
model for the glass that OH ions are not uniformly distributed in silica glass. The light-vibration coupling
coefficient determined experimentally is briefly discussed by some models proposed before.
[S0163-182608)03009-4

It is well known that glasses exhibit physical propertiesdifferent OH contents. The purpose is to provide more accu-
significantly different from crystalline solids, particularly in rate absorption data on silica glass, to assess quantitatively
the low-energy region 410 meV, for example, the excess an OH contribution to the FIR absorption, and to consider
of the low-frequency vibration density of stat@4DOS) not  the experimentally obtained frequency dependence of the
described by the Debye approximation, low-temperature excoupling coefficient between the FIR light and the low-
cess heat capacity, plateau in low-temperature thermal co@nergy states.
ductivity, low-frequency light scattering, far-infrarg@IR) Experiments were carried out on two types of commer-
absorption, eté:? These anomalous and universal propertiescially available silica glasses with different OH contents, T-
are thought to be related to intermediate range order i?020 (called A) and T-1020 (called B), trademarks of
glasses, but its origin is not yet clear. Silica glass is the mostoshiba Ceramics Co. Ltd. Disk-shaped samples of each
representative and probably most widely studied glass ifiype of silica glass were cut from each ingot and both sur-
amorphous solids. The low-energy properties in silica glasaces were polished optically flat with diamond paste. For
and the effects of OH content on bulk properties such agbsorption measurements several plane parallel slabs of 15
dielectric constant, refractive index, density, elastic behaviorilnm diameter were used ranging in thickness from about 0.5
and thermal conductivity have also been studiedvater in ~ to 5 mm depending on absorption strength. The thickness of
silica glass plays an important role and is associated witthe samples was determined with an accuracy-df5um
differences in physical and structural properties. using a micron-micrometer. OH contents in the glass

Although the FIR absorption measurements on silica glassamples were obtained from measurements of absorbance of
have been extensively ma#i&;®there are still discrepancies the infrared band at about 3675chdue to the OH-
as to the frequency dependence of absorption coefficients stretching vibratiorf. The OH content was about 1 ppm
a(v), in particular in the low-frequency region below (below the detecting limit of an infrared spectromgttar
~30cm'}, and as to peak values i(v)/v? vs v plot, cor-  glassA and about 200 ppm for glas8. FIR absorption
responding to “boson peaks.” Stolémeasured FIR absorp- measurements were made with a Martin-Puplett-type Fourier
tion and low-frequency Raman scattering in §iGeQ,, and  transform spectrometErin the range 10—100 cnt at room
B,O; glasses, and indicated a similarity between the FIRemperature. A liquid-He cooled Si-composite bolometer
absorption and Raman scattering in glasses. Hutt anwas used as a detector. The FIR absorption coefficient was
co-worker§ measured the FIR absorption on Spectrosil WFdetermined from the transmission through a plane parallel
(a few ppm of OH and Spectrosil B~1200 ppm of OHat  slab using the usual expression for normal incidence,
room temperature, 200 K, and 80 K using a FIR laser at
intervals between 20 and 100 ch(see Fig. 1, where open
squares are for Spectrosil WF, plus signs for Spectrokil B B (1-R)%e o
They found that the FIR absorption of Spectrosil WF was T= (1-Re 9?2+ 4Re 9 sirP(2mnvd)’
independent of temperature, and the existence of OH in silica
glass increased the FIR absorption. They furthermore re-
ported that this OH-related FIR absorption decreases withvhich includes the effect of multiple reflections within the
decreasing temperature. Ahnlashowed a similarity be- parallel slaba is the absorption coefficiend, the thickness,
tween frequency dependencies of both the FIR and Ramanthe refractive index, anB~ (n—1)?/(n+ 1)? a single sur-
coupling coefficients between light and low-frequency vibra-face reflectivity at normal incidenca.was determined from
tions in silica glass. In this work we report results of FIR interference maximia in interference-fringe transmission
absorption measurements on two types of silica glasses witspectra of thin samples of approximately 0.5 and 1 mm in
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FIG. 1. Comparison of far-infrared absorption coefficieats)

in silica glasses with different OH contents at room temperature on FIG. 2. OH-related absorption increaseAa(v_)= C.!B(V)
a log-log plot ofe(v)/+2 vs ». The solid curve, glasa (~1 ppm of —a(v) (dashed curve and the rate of the absorption increase,

OH); the dashed curve, glass(~200 ppm of OH; open squares, Aa(v)/ap(v) (solid curve as a function of frequency in silica

Spectrosil WF(a few ppm of OH taken from Ref. 6; plus signs, glass on a log-log plot. The dotted1 line shows a power-law fre-
Spectrosil B(~ 1200 ppm of OH taken from Ref. 6. quency dependendea(v)/ax(v)* v~ 17 between 17 and 51 cm.
The upper abscissa is expressed in clusters{Zg). See thetext.

thickness. For examplen=1.951+0.002 at 30 cm" for Generally, the FIR absorption coefficienty) of glasses
glassA. The reflectivity was evaluated fromdetermined in - or amorphous solids is expressed in the following equdtfon:
the above manner.

Figure 1 compares the obtained room-temperature absorp-
tion coefficientsaa(v) in the solid curve for glas#\ and a(v)=C(v)g(v),
ag(v) in the dashed curve for glags on a log-log plot of

a(v)/v? vs v together with the FIR data by Hutt and where g(») is VDOS, andC(») the coupling coefficient
co-workers’ In this figure,a(»)/v? in glassA shows a very  petween FIR light and vibrations. Now we assume that when
slow increase with frequency, a steep rise near 155'¢m water is introduced into silica glass the frequency depen-
and then a broad peak at about 41 ¢mcorresponding to  dence of the coupling coefficien®(v) is unchanged, al-
the boson peak. Gla®® also shows similar behavior. Our though the absolute values of the coupling coefficient might
absorption data on glags are close to the data on Specrosil change. ThenAa(v)/ aa(v)~Ag(v)/g(v). Here, Ag(v)

WF by Hutt and co-workefs for frequencies above =gg(v)—ga(?) is a change of VDOS. The above relation
~30 cm?, but there are discrepancies belew0 cm 2. It means that the rate of absorption increase corresponds to the
is evidently found from this figure that the introduction of rate of the VDOS change. The VDOS chanlyg(v) is ob-

OH into silica glass increases the overall FIR absorption, anthined asAg(v)~g(v)Aa(v)/aa(v). Furthermore, a fre-
furthermore shifts the broad peak to the lower frequency sidguency distribution of the total number of modes with the
from 41cmt (glassA) to 36cmt (glass B). Figure 2  frequency below, which occur newly by the introduction of
shows the OH-related absorption increase(v)= ag(v) OH, AN(v), is given as follows: AN(v)~[pAg(v)dv.
—ap(v) in the dashed curve, and the rate of the absorptiomhus, Ag(v) and AN(v) were evaluated using the absorp-
increaseA a(v)/aa(v) in the solid curve as a function of tion coefficients obtained here and VDQRef. 14 deter-
frequency on a log-log plot. The absorption increasdv) mined from inelastic neutron scattering.

increases monotonically with frequency in contrast to the Figure 3 showag(v) (the dashed curyendAN(v) (the
result? previously reported, in whicha(v) shows a peak at solid curvé calculated in the above mannekg(v) rises
about 30 cm?. On the other hand, the rate of the absorptionslowly with frequency, shows a broad peak around 45tm
increase Aa(v)/aa(v) shows an abrupt transition near and then decreases slowlyN(v) increases with frequency,
17cml, and a peculiar frequency dependence:but appears to have two inflection points near 18 and
Aa(v)/ax(v) decreases rapidly with frequency obeying a39 cmi®. This behavior of AN(v) is similar to that of
power-law like <y~ 17 (the dotted line in Fig. Rbetween Aa(v)/aa(v) or Ag(v)/g(v). In Fig. 3 the dotted line
~17 and 51 cm. This frequency range corresponds just toshowsAN(v)= 2%, SinceAN(v) is the total number of new
the boson peak. This power-law frequency dependence of threodes with frequency below, which occur by the addition
effect of OH on the FIR absorption has not previously beerof OH into silica glass, the frequency distribution of the new
observed. For frequencies belowl7 cm !, Aa(v)/ax(v) modes shows the power-law frequency dependexidér)
shows a very slow decrease with frequency. «1?® petween 18 and 39 cm. This might mean that the



57 BRIEF REPORTS 4997

L[A] distribution of clusters corresponds to a frequency distribu-
50 20 10 tion of the fundamental modes in clusters. Using the above
T T ' ' T equation, the vibration frequenayis interchanged into the
cluster size L. We choose S=0.65 as Achibat and
co-worker$® did. The upper abscissas of Figs. 2 and 3 are
expressed in cluster sidg(A) instead of frequency as S
=0.65 anck=4.00x 10° [cm/seg for silica glass=® As seen
in Fig. 2, the OH-related absorption increadex(L) de-
creases monotonically with cluster sizeOn the other hand,
the rate of absorption increader(L)/a,(L), increases with
cluster sizeL. Since in the above cluster model the increase
of VDOS corresponds to the increase of the number of clus-
ters, Fig. 2 shows the dependence of the increase rate of
107! VDOS or the cluster number on the cluster sizeFigure 2
3 also shows that the increase rate of the cluster number in-
creases with cluster size obeying a power-law like<L1’
10 ” e 100 between~17 and 51 A, but increases very slowly with
WAVE NUMBER[cm™] above~51A.

It is also seen from Fig. 3 that the increase of VDOS or
the cluster numberAg(L), increases slowly with cluster
size, shows a broad peak near 19 A corresponding to
function of frequency in silica glass on a log-log plot. The dotted45 Cmil' and then decrease_s slowly. _The size distribution of
line shows a power-law frequency dependemdd(»)x1»25 be-  total number of clusters with the size aboke AN(L),

tween 18 and 39 ciit. The upper abscissa is expressed in clusterSNOWS a pOW_er'l?‘W size dependenck > between~ 22
sizeL(A). See thetext. and 48 A. This size range 22—-48 A corresponds to the fre-
quency range 39—18 cm. As mentioned above on the fre-
frequency distribution of the new modes is fractal-like with quency distribution of new modes, this might mean that the
the fractal dimension of 2.5 in the frequency rangeSize distribution of clusters is fractal-like with the fractal
18—39 ek, dimension of 2.5 between 22 and 48 A. Since the size dis-

Achibat and co-workefS showed from the temperature tribution of clusters reflects the space distribution of OH in

glass that the structural relaxation modes have an effect up tgniformly distribu_ted. ) o
20 cni'! at room temperature. It is suggested from their re-  Next we consider the coupling coefficient between FIR

sults and the abrupt transition observed near 17%cin light and vibrations in silica glass. As known from the equa-
Aa(v)ax(v) that below~17 cmi't the FIR absorption is  tion, a(»)=C(»)g(»), the coupling coefficien€(») can be
due partly to relaxation modes besides vibration modes angPtained experimentally if(») and g(v) were determined
above~17 cm ! due to vibration modes. The similar tran-
sition was also observed at 20 chin VDOS (Ref. 14 ob- 03 T T T — T T T T
tained from inelastic neutron scattering, and in the light-
vibration coupling coefficied? obtained from low-frequency
Raman scattering for silica glass. These experimental results
were explained well by assuming that the glass network is
not continuous, but composed of disordered blobs or
clusterst>® The disordered glass network is disrupted by
defects which segregate the structure into blobs or clusters.
In silica glass OH is a kind of defect, and therefore would
play a role in producing blobs or clusters. According to the
above model of the noncontinuous random network of glass,
it is expected that VDOS in high-frequency vibration region
increases as the number of clusters able to accommodate the
vibrations increases.

Let us consider the effect of OH on the FIR absorption on
the basis of the noncontinuous network model or the cluster
model mentioned above. The fundamental vibration mode
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FIG. 3. OH-related increase of VDOR,g(v) (dashed curve
and the frequency distribution of the total number of OH-related
new modes with the frequency belowy AN(») (solid curve as a
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localized in a cluster has a frequeneyuch that® WAVE NUMBER[cm™']
v=S(k/cL) [cm 1], FIG. 4. Far-infrared coupling coefficien(») obtained using

' ' . ' VDOS given by Buchenaat all’ (solid curvé, and by Dianou}
wherec is the velocity of lightk the velocity of soundL. a  (dotted curve from inelastic neutron scattering. The dashed line
cluster size, an® a shape factor below 1. Therefore the sizeshows a linear frequency dependef@e) = v*°.
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experimentally. Fortunatelyg(v) of silica glass is deter- In summary, OH in silica glass increased the FIR absorp-
mined experimentally as mentioned above. Tiigy) were  tion and shifted the peak corresponding to the boson peak to
evaluated usingx(v) obtained here for glasé, andg(v) the lower-frequency side. The OH-related absorption in-
determined from inelastic neutron scattering. In Fig. 4 thecreaseAa(v), increased monotonically with frequency. The
solid curve and the dotted curve sh@(v) obtained using rate of the absorption increadex(v)/aa(v), decreased rap-
g(v) given by Buchenaet al*” and by Dianoux;’ respec- idly obeying the power-law frequency dependence %7
tively. In this figure the dashed line shows a linear frequencyhetween~17 and 51 cm?, and below~17 cmi ! showed
dependence ()= »**. Both theC(v) curves show anearly the very slow decrease with frequency. This abrupt transition
linear frequency dependence in the frequency side abovgpserved inAa(v)/ax(v) between the two frequency re-
~40 cmi L. However they show the deviation from it in the ions at~17 cm * suggested that the high-frequency modes
lower-frequency side, although there is seen the discrepancg,bove ~17cmi! are vibrational, whereas in the lower-
between them. frequency region there exist the relaxation modes. It was

No microscopic theory or model for the FIR coup!lng suggested on the basis of the noncontinuous network model
coefficient in glasses or amorphous solids presently exist. Iﬂwat the OH-distribution is not uniform in silica glass. It was

ZCSC%%??TN?I( Togtilz igég)h'zr;niipi?iﬂ?:;tgﬁ friggﬁgfﬁe found that the FIR light-vibration coupling coefficient deter-
gy, LAy b Y mined experimentally is not explained by the soft-potential

explained by this model. According to the Martin-Brenig i~ : g
model'® which has been extensively used for the interpreta—mOdel’ and also the Martin-Brenig model, but the nearly fin

tion of Raman scattering of glass€¥,») shows a maximum car f_requency dependeng:e abovd cm * is close to the

. o prediction by the noncontinuous network model or the fractal
contrary to that obtained experimentally here. The noncong.
tinuous network modét'® mentioned above and also a frac- '
tal modef®2! predict a nearly linear frequency dependence The authors would like to thank Professor M. Ikezawa for
for C(v). This prediction is close to the behavior 6{v) his encouragement and valuable discussions during the
obtained here above 40 cm L. However we cannot yet ex- course of this work, and K. Yanagi for polishing the glass
plain satisfactorily the frequency dependence of the lightsamples. This research was in part supported by a Grant-in-
vibration coupling coefficient in the low-frequency region in Aid for Scientific Research from the Ministry of Education,
glasses. Science, and Culture of Japan.
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