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Experimental study of Raman-active two-level systems in soda-lime-silica and lead oxide glasses
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An experimental study of the low-frequency, low-temperature Raman scattering from two-level systems
(TLS) has been carried out for a series of soda-lime-silica glasses with various amounts of CaO and BaO and
also for a SteubefPbO glass. Raman scattering from the resonant interaction with TLS is observed for both
kinds of glasses. Because of the experimental precision of these measurements, it has been possible to estimate
the Raman-active TLS number density and to show that it does not scale with the strength of the boson peak
in the vibrational spectrum. The cutoff in the Raman activity of TLS for all of these glasses is consistent with
earlier far-infrared absorption studies.
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. INTRODUCTION scatteref’® The total Raman-active TLS number density was
not estimated for these systems. The fact that TLS are iden-
A quasielastic component in the light scattering spectruniified by Raman scattering in some glassy hosts but not in
of a glass was first discovered in fused $i@ 1975 The  others is the current situation.
increase in the low-frequency Raman scattering with increas- A fairly universal Raman feature in the low-frequency
ing temperature was attributed to the scattering due to relasPectrum(<150 cm %) of amorphous materials is the so-
ation of two-level systemgTLS) between two possible Called boson pealBP).'® It has been suggested that there is
configuration€ It was pointed out in this studythat the @ direct correlation between TLS and the BP in glasées,
direct coupling of the light to the distribution of TLS should but the relationship between these two different spectro-
give rise to a characteristic temperature dependence asso&Fcopic features is still under investigation.
ated with the thermal population of the two levels, but no In this paper the puzzling behavior of the TLS Raman
such temperature dependence was seen. At about the sa@f@ivity of glassy systems is reexamined with the systematic
time temperature-dependent far-infrared absorption measur&2€asurement of the low-frequency, low-temperature Raman
ments demonstrated that the TLS energy distribution irSpectra of a number of silicate glasses. Our spectroscopic
glasses extended at least up to a frequency of 10'éh  measurements on a series of soda-lime-silica glasses with
The predicted temperature-dependent properties of the lowarious amounts of CaO and BaO as well as on a Steuben
frequency Raman scattering from resonant interactions withPbO glass show TLS Raman activity in each case. The
TLS was thought to have a firm theoretical footfhgut it ~ Precision of these measurements is sufficient to estimate the
became evident with the precise and systematic studies of tHgtal Raman-active number density of TLS. It is found that
low-frequency and low-temperature Raman scattering irthis number density does not scale with the boson peak
very pure silica fibers® that this spectroscopic probe could strength in the vibrational spectrum.
not identify TLS in vitreous silica. These experiments failed ~The next section outlines the theoretical background for
to show any evidence of the predicted hallmark temperaturéhe analysis of the temperature-dependent Raman scattering
dependence associated with the resonant interaction witbroperties of glasses at low temperatures and low frequen-
TLS. The missing signature was quite surprising since bygies. Section Ill presents the experimental details and results.
this time the low-frequency end of the TLS density of statesThe data analysis is described in some detail in Sec. IV
had been observed using many different experimentalvhich permits an estimate of the total Raman-active number
probes’® density of TLS to be made. The discussion and conclusions
This Raman inactivity issue reappeared over a decadé& Sec. V complete the picture.
later when it was experimentally demonstrated by both far-
infrared absorptioh'® and Raman resonant scatterihg®
that a broad distribution of TLS existed in fluorite mixed
crystals containing lanthanum. In addition, it was shown re- Raman spectroscopy is an important tool in the study of
cently that the total Raman-active TLS number density carnhe vibrational properties of soli#€=?? In glasses, most of
be estimated in these fluorite mixed crystals by using thehe work has centered on the boson peak, a near-universal
allowed T, phonon mode as the normalizing factéThese  feature'®?*~2°The experimental work to be presented and
findings are of general interest since Raman scattering froranalyzed here focuses on the quasielastic scattering region of
resonant interactions with TLS has been observed in the oxglasses and its temperature dependence, at somewhat lower
ide glass LASF7, which contains lanthantifrLater these frequencies(<25 cm ) and lower temperature6<15 K)
same investigators reported Raman scattering from TLS for han most of the earlier studies. At such low temperatures,
(NbTa) oxide glass, but not for a lead silicate glass evernrelaxational Raman scattering effects can be neglected. Still
though the latter is also an efficient Raman vibrationalthe total Raman Stokes intensity has two temperature-

Il. THEORETICAL BACKGROUND
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dependent contributions: the resonant interaction with TLS TABLE I. Sample ID, chemical composition, and density of the

and with phonons, givirfg glasses studied.
3ol @ T)=1 g’h(w,T) +13 5, T), (1) Sample ID Chemical composition Density/cn?)

wherée’ ALW? 12% CaO and 0% BaO 25
ALX? 9% CaO and 3% BaO 2.6
Cen ALY 2 6% CaO and 6% BaO 2.7

13(w,T)=[n+1 — 2 :
pr(@ D=+ 1] gprl @) = } @ ALZ® 3% CaO and 9% BaO 2.8
and AMA? 0% CaO and 12% BaO 2.9
PbQ 55% SiQ, and 30% PbO 3.1

CTLS

) (3) &Corning soda-lime-silica glasses—the other glass components are
73% SiQ, 14% NagO, and 1% AJO;.
bCorning SteuberiPbO glass.

15is(@, T)=[nFs(@,T)]| gris(®)

w
Here n3 s is the ground-state population factor of TLS. It
represents the fraction of TLS in the ground state at a given

frequency and a given temperature, and it follows the Bolt£xcited state population numbe$, s should result in linear

zmann distribution ae%_s= 11+ exp(hw)/kgT]. The den- dependences with the same slope, a characteristic feature of a

sity of states for phonons and TLS agg(w) andgy (o), TLS spectrum.
respectively.
To obtain an expression that brings out the temperature- IIl. EXPERIMENTAL DETAIL AND RESULTS

dependent Raman scattering due to TLS, both sides of EQ. 1he gifferent glasses used in this investigation were pre-

(1) are divided by the Bose-Einstein factort1) sothat  pareq by Coming Incorporated. The chemical composition
s and the densities are listed in Table I. All of the glass samples
[ Fotal( @, T) ) hw
A okeT
(4

C
+ )LLS

D) :[gph(w)%‘ Oris(@ _ studied were in the form of 5-mm cubes which had been

polished to optical quality to reduce Rayleigh scattering.

An Oxford Variox optical cryostat is used for low-
temperature measurements. The samples can either be im-
mersed in superfluidHe or cooled with*He gas. The tem-

It is interesting to note that the ratio o, ¢/(n+1) gives the
tanh function above. By plotting this normalized Raman in-

tensity data versus tapfhw/2kgT] the physical parameters of peratures ﬁre n;gnltf) rgdhbﬁ. thrge tetr;perature IS enlsors:d a
interest can be readily identified. If part of the low-frequency©CMMercially cailbrated rnodium-iron thermocouple place

Raman scattering in glasses is due to TLS, the n the heat exchanger near the sample, a commercially cali-
S (0. T)/(n+1) should depend linearly ' on rated Lakeshore silicon diode thermocouple mounted on the
Total\ ¥

tanjhw/2kgT]. Furthermore, the intercepts for such datasample holder, and a 10d0-Allen Bradley resistor also
; o ounted on the sample holder. The most accurate tempera-
sets give the phonon contribution and the slopes the TL

ot ; . ... ture sensor is the Si-diode sensor on the sample holder, and
contribution to the total Stokes Raman intensity. Wlth,[he other thermometers are used as double checks. An Ox-

S . .
(@, T) known, the contributions from the TLS and the bord ITC503 temperature controller is used to fix the tem-

phonons on the aAnt|-Stokes side can alsq be separated. T Erature of the heat exchanger at the desired temperatures.
TLS contributionl 7 ¢(w,T) to the total anti-Stokes Raman *  tha Raman spectra have been measured with a Eor

intensity becomes 211 Raman system using the 514.532-nm excitation line of
A A A an argon ion laser. Each spectrum at a resolution of 2.10
(@, T) = o @, T) = lpr(@,T) cm * was typically taken in a 600-sec duration using 200
—ho mW of laser power. The usual 90° scattering configuration
=I$Ota|(w,T)— | Sh(w,T)exr< T ) . (5 was used to study both the polarized and depolarized spectra.
B Both Stokes and anti-Stokes spectra have been recorded at
Once the Raman scattering due to phonons is removed fro@ach temperature. Low-temperature readings were checked
the total Raman intensity, the Raman scattering due to TL®y comparing the temperature values obtained from the
from both Stokes and anti-Stokes scattering contribution$tokes and anti-Stokes spectra with the sample thermometer
can be written as reading. In addition, no change was observed in the ther-
mometer readings with the laser on and off. Because of the
high transparency of the samples, it is perhaps not surprising
' ) that no laser-induced thermal heating of the samples is ob-
served in these experiments. Therefore to a very good ap-
wherej=S or A stands for Stokes or anti-Stokes, respec-proximation the temperature measured by the sample ther-
tively. Since the only temperature-dependent quantity on thenometer is the actual temperature of the scattering volume
right-hand side of Eq(6) is the TLS population numbers even at low temperatures. In each case several spectra have
ni s, plotting the Stokes intensity data versus the groundbeen averaged to eliminate the effects of cosmic rays and
state population numbers, g or the anti-Stokes versus the other noise factors. To check for thermal hysteresis the tem-

CTLS
w

(@, T)=[nk s(0,T)] gris(®)
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Frequency (cm-1) FIG. 2. R_educed Raman spectra of some §oda—|ime-silica
glasses covering both the TLS and boson peak region at 1(8 K.
FIG. 1. Low-frequency polarized Raman spectra of some sodaPolarized spectra, (b) depolarized spectra. Solid curve:
lime-silica glasses covering both Stokes and anti-Stokes region 40.12CaC-0.0BaQ (ALW). Dashed curve(0.06CaCr0.06BaQ
1.4 K. The resolution is 2.1 cit. (ALY). Doltted curve:(0.0Ca0+0.12BaQ (AMA). The resolution
is2.1cm-.
perature dependence of each sample is repeated twice: once
with increasing temperatures and then with decreasing temncreasing BaO content. This frequency shift may be corre-
peratures. lated with the change in glass density: the higher the density,
Low-temperature and low-frequency Raman spectrahe lower the frequency. For the lowest frequencies shown in
ltoal( @, T) are presented here either in this form, as de+the figure the scattering in each system increases dramati-
scribed in the preceding section, or modified tocally. In addition, the strength of this low-frequency contri-
Itota @, T)/o(n+1). This latter frequency-weighted re- bution in each of the glasses is essentially the same, indepen-
duced spectrufff (FWRS is convenient for displaying both dent of the glass density. Because of this similarity between
the TLS scattering componefif any) and the vibrational the spectra of this glass series listed in Table I, the detailed
contribution in the region of the boson peak. It also makesemperature-dependent results for only one chemical compo-
the presentation of our data consistent with previous Vfork. sition are presented here.
The FWRS for the(6% CaO and 6% BaOALY soda-
] _lime-silica glass at several temperatures are shown in Fig. 3.
The low-temperature polarized Raman spectra of a seriesigure 3a) presents the polarized Raman intensity of the
of soda-lime-silica glasses with various amounts of CaO anguasielastic scattering from 5—15 cirfrom this ALY glass
BaO but with fixed total ionic concentration are shown inyyhich increases with decreasing temperature from 12.5 K
F|g 1. On the Stokes Side, there is .Strong Raman Scatterirtgbwn to 1.4 K. Similar behavior is found in F|g(m for the
even at 1.4 K. However, on the anti-Stokes side no Ramagepolarized spectra, but the scattering effect is noticeably
signal is observed at 1.4 K for any of the three glasses. TQueaker in this case. As will be shown in the next section, the
ensure that the elastic Rayleigh scattering does not influencgperimental results for all of these soda-lime-silica glasses
the Raman spectra of these glasses, a lower limit of 5'cm pelow 15 K display the predicted characteristic temperature-

is used and as a result asymmetric spectra are obtained fgependent behavior of Raman scattering due to resonant in-
the Stokes and anti-Stokes region at low frequencies. Thesgraction with TLS?

asymmetric spectra indicate that Rayleigh scattering plays no
significant role in our measurements, because such elastic
scattering should enter into both the Stokes and anti-Stokes
spectra with equal strength. Another reason for showing the Mainly because previous workers reported no Raman
anti-Stokes spectra is to demonstrate that there is no backeattering from TLS in a silicate lead glaSssome care has
ground signal due to luminescence. None is observed in oureen taken to measure the low-temperature polarized and
measurements. depolarized FWRS of a Stueben silicate glass containing a
The low-temperature FWR$olarized and depolarized high concentration of PbO. The FWRS at several tempera-
of a series of soda-lime-silica glasses are shown in Fig. 2ures are shown in Fig. 4. The boson peak scattering shown
The low-temperature spectra are all very similar. For the boin Fig. 4a) is more than twice as strong as that from (6&o
son peak there is a slight shift to lower frequencies withCaO and 6% Ba{ALY soda-lime-silica glass presented in

A. Data for a series of soda-lime-silica glasses

B. Data for PbO silicate glass
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FIG. 5. Population dependence of the total Stokes Raman scat-
FIG. 3. Temperature dependence of the reduced Raman specii@{ing normalized by r{+1). For a(0.06CaC-0.06BaQ soda-
of (0.06Ca0r0.06BaQ soda-lime-silica glass. Solid curve: 1.4 K. lime-silica glass a linear variation vs tdt/2kgT] is shown for
Dotted curve: 7.5 K. Dashed curve: 12.5 (&) Polarized spectra, three different frequencies in the quasielastic region and six tem-
(b) depolarized spectra. peratures from 1.4 to 15 K.

Fig. 3. No temperature dependence is observed in the b_oscmore efficient Raman scatterdCompare the boson peak
peak region for these spectra; however, the polarizedegion, for example. Similar temperature-dependent be-
Raman intensity of the quasielastic scattering from 5 to 1gayior is observed in Fig.(®) for the depolarized spectra.
cm * in this PbO glass is observed to increase with deciearly, Raman scattering from resonant interaction with
creasing temperature from 12.5 K down to 1.4 K. This is the|_ s results occurs for this PbO glass, consistent with the
same characteristic temperature dependence found for th@a-lime-silica results and contradicting the results previ-
soda-lime-silica glasses indicating that Raman scatteringus|y reported for a PbO silicate glasSs.

from TLS is being observed. Note that the TLS effect is

much weaker in this PbO glass as compared to the soda-

lime-silica glasses despite the fact that the PbO glass is a IV. DATA ANALYSIS

T T ( )P' e A. Detailed TLS temperature dependence of some silicate
a) Polarize

glasses

100 To provide a quantitative determination of the

temperature-dependent results it is necessary to make use of
Eq. (4) to analyze the data. In Fig. 5, the appropriately nor-
malized low-frequency Raman SpeCtl%m(w,T)/(n-l— 1) is
plotted versus tafiw/2kgT] from 1.4 to 15 K for the soda-

o : : . lime-silica glass(6% CaO and 6% BaDALY. The linear

' dependence over the six temperatures and three frequencies
(with no free parameter<clearly demonstrates that Raman
100 . scattering from TLS is being observed for this soda-lime-
silica glass.

After removing the phonon contribution from the total
Raman intensity, the observed linear dependence of the Ra-
man TLS scattering data versus the population of the appro-
priate Stokes or anti-Stokes scattering state is presented in
ol” L ! ! Fig. 6. The Raman Stokes intensity without the phonon con-

° 2 50 4 100 tribution versus3, s is plotted in Fig. 6a) for the soda-lime-
Frequency(cm ) silica glass. Clearly, the Raman Stokes intensity depends lin-

FIG. 4. Temperature dependence of the reduced Raman spec&fly on the ground statey,s for the three frequencies
of a PbO Steuben silicate glass. Solid curve: 1.4 K. Dotted curveshown. Because both the temperatures and frequencies are
7.5 K. Dashed curve: 12.5 Ka) Polarized spectrab) depolarized ~ determined, the slope in E¢g) is the experimentally mea-
spectra. The resolution is 2.1 ¢t sured quantity of interest. Similar behavior is observed on

50

(b) Depolarized

50

Reduced Raman Intensity (arb. units)
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FIG. 6. Temperature dependence of low-frequency Raman in- F_IG. 7. Temperature dependence of low-frequency Raman in-
tensity due to TLS, for 40.06Ca0+0.06BaQ (ALY ) soda-lime- tensity due to T_LS, fo_r a Steuben PbO glass from 1._4 to 1%aK.
silica glass from 1.4 to 15 K(a) Raman Stokes intensity vs the Raman Stokes intensity vs the ground-state populatidf.s, (b)
ground-state populatiom®;,s, (b) Raman anti-Stokes intensity vs Raman anti-Stokes intensity vs the excited state populatidi .

; A
the excited state population,’ns. Raman intensity due to TLS must be normalized to that of a

the anti-Stokes side, as shown in Figh$p Within experi- ~Raman band with a known density of states. The Raman
mental error the same slope is found. scattering from vibrational modes in pure fused sSikas
The same linear dependence is observed for all the sodeen examined. The predominant feature in pure fused
lime-silica glasses listed in Table I. Raman spectroscopy haSiO, is the strong and polarized double-peaked band cen-
the added advantage that both Stokes and anti-Stokes scégred at 400 cm'. Although part of this spectrum probably
tering can be examined separately so that there is no fresrises from the motion of bridging oxygen along the Si-O-Si
parameter involved in fitting the experimental data to @). angle bisector, which is often described as the symmetric
when both the Stokes and anti-Stokes data are used. Similgtretching mode of bridge oxygen(Si-O-Si) 2° this is still
behavior is seen in the depolarized spectra, but clearly thgontroversial. We therefore propose here to use a more gen-
effect is much weaker. The Raman scattering contributionsra| argument to determine the appropriate normalizing den-
from resonant interaction with TLS has been determined fog;ty, of states.
all of these soda-lime-silica glasses and will be presented e high-temperature specific heat in the Dulong-Petit

shc1)_rrtlly. d d ived for th da-li i limit can be interpreted in terms of nine normal modes per
€ same procedure described for the soda-lime-siiic iO, molecule, three translational vibrations, three libra-

.?.E‘:S(fgsgﬁlseglﬁgegiegeuﬁ?jetﬁcaenglfytzh%tgznﬁgno.?ll_asszcrgzgﬁnal vibrations, and three internal vibrations. The experi-
b ental specific heat result at high temperatures together with

ing versus population of the appropriate scattering state i oo . . .
g bop Pprop 9 e vibrational density of states measured by inelastic neu-

shown in Fig. 7 for the Steuben PbO glass. Clearly, the Ra- indf b q ; h ber of
man Stokes intensity without the phonon component depen&gon Scﬁtte“” can be use to estimate the mean number o
linearly Onn%s for the three frequencies shown in Figal modes in the Raman-active frequency band of interest. The

Similar behavior is observed on the anti-Stokes side showfp!! width at half m§i<|mum(FWHM) of this band ranges

in Fig. 7(b) with the same slope and for the depolarizedfrom_250 to 510 cm®. From the experimentally measured
spectra. Even though the observed Raman scattering frofensity of states this frequency range encompasses on the
TLS in this PbO glass is much weaker compared to the sodz2verage three modes per molecule. Assuming that about 1/2
lime-silica glass, the signal to noise was sufficient to demonof these modes are Raman active, the normalizing factor for
strate the TLS temperature effect. It appears that previouthe scattered intensity in this frequency region becoBjgs
investigators missed seeing this effect in the PbO gtass ~3.3x 1072 mode/cni.

because the TLS scattering does not scale with the scattering An estimate of the total density of states of TLS per unit

associated with the vibrational modes. volume, g1 s(w), can be obtained from the Raman scatter-
_ S ing results by comparing the ratio between the polarized Ra-
B. Density of states of TLS in silicate glasses man scattering found for TLS with that found for the polar-

To obtain a measure of the density of states per unit volized band from 250 to 510 cm in pure fused SiQ.
ume,gr s(w), of Raman-active TLS for silicate glasses, the Because both the symmetric and asymmetric contributions
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FIG. 8. Frequency dependence of the optical number density owe PbO glas.'?‘. Here the hlgh-freq_Lien(.:y cutoff appears
states of TLS, in two silicate glasses at 1.4 (& (0.06CaO Sllght_ly lower W'th aCL,JtOff ar-14.0 cm °. Since the Optl.cal'.
+0.06BaQ soda-lime-silica glassh) Steuben PbO silicate glass. d€NSity Of states is being measured, the cutoff either signifies

a change in the TLS Raman activity or the density of states
are included in the polarized spectrum, this comparison giveg§0€S {0 zero. Since optical selection rules for tunneling sys-
a measure of the total density of states of TLSC{f is taken ~ €ms are known to change when the asymmetry becomes
to be the light-vibration coupling coefficient for these high- comparable with the symmetric tunnel splitting, these mea-
frequency Raman-active vibrational modes, then a zero-ordé&iurements suggest that a crossover may extend up to an en-
approximation is to assume that the TLS coupling coefficienfr9y of about 1 meV. Clearly the assumption often used to
CrLs~Cy=const. One gets the following equation: analyze low-temperature thermal data that the density of

states of TLS is a constdntvould still be valid in this case.
o(13¢/NFLs) _ Ons(w)  gns(w) R
[do o}, Jdogy(w) Sy

C. Total number density of TLS

wherel %, s is the Raman Stokes intensity from TLS aiglis The existence of the high-frequency cutoff in the TLS
the Raman Stokes intensity from the high-frequency phonogptical density of stategjr s(w), for these glasses permits
band. The numerator of E§7) on the left-hand side is the an estimation of the total number of Raman-active TLS per
left-hand side of Eq(3) divided by Crisn% ¢/w and the unit volume, Sy.s. Each of the dotted curves displayed in
denominator is the left-hand side of E() divided by  Figs. 7a) and 7b) represents a least-squares fitgtq s(w)
Cm(nm+1)/w integrated over the region from 250 to 510 using an emperical three-parameter function of the form
cm . Note that the Bose-Einstein factor for the high- g(w) = a/{exgb(w—d)]+1}, wherea, b, andd are the fitting
frequency vibrational modeng, +1), has been set to unity parameters. Since the fits are extremely good, the fitted func-

in Eq. (7) because the sample is at 1.4 K. Since the experition gy, s(w) is used to estimate the area under each curve.
mental ratio on the left-hand side is known for each sampléntegrating

and so isSy,, the mean number of Raman-active vibrational
modes per unit volume, the value gf s(w) can be deter-
mined explicitly:
(1 nS.) f do gris(w)=Sris, 9
w n

O18(©)= Su T WiiS) ®

o o(ly)
from 0 to 100 cm* gives the total number of Raman-active
In Fig. 8(a), the density of states per unit volume of TLS, TLS per unit volume Sy s.

gr.s(w), is plotted versus frequency for the ALY soda-lime-  For the soda-lime-silica glass series the measured total
silica glass. Note that the high-frequency cutoff for TLS in number density of Raman-active TLS;, g, at 1.4 K is pre-
this glass is~15.0 cmi . Similar behavior is found for each sented in Fig. 9 as a function of the molar concentration of
of the other soda-lime-silica glasses as illustrated in Fig. 1CaO. Note thaBy, 5 increases only slightly as the CaO con-
Figure 8b) shows the density of states per unit volume fortent increases. The data point corresponding to the PbO
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. FIG. 11. Temperature dependence of the low-frequency reduced
FIG. 10. Comparison of the low-frequency reduced RamanRaman spectra of two different kinds of disordered syste(as.
spectra of several different glasses at 1.4 K. Dashed curve: fuse@ 06Ca0-0.06BaQ soda-lime-silica glasgALY). Solid curve:
SiO,. Dotted curve:(0.06CaC-0.06BaQ soda-lime-silica glass. 14 K. Dotted curve: 7.5 K. Dashed curve: 12.5 Kb)

Solid curve: Steuben PbO silicate glaga). Polarized spectral)  (BaF,), s LaFs), 45 fluorite mixed crystal. Solid curve: 1.4 K.
depolarized spectra. Note that the largest boson peak scattering doggtted curve: 10.5 K. Dashed curve: 15.0 K.
not correlate with the largest TLS scattering.

having the opposite temperature dependence at low tempera-
tures, over a restricted frequency interval, from that found
for the ground-state TLS transitions. At low temperatures as
the TLS IR-active spectrum disappears with increasing tem-
perature, the excited-state IR-active spectrum appears.

Figure 11 shows the temperature-dependent Raman spec-

Low-frequency FWRS of several representative glassesra for a soda-lime-silica glass and for a fluorite mixed crys-
at 1.4 K are shown in Fig. 10. Both polarized and depolartal now plotted in such a way as to bring out any Raman-
ized spectra are presented@ and(b), respectively. Raman active excited-state population effects if they exist. In Fig.
scattering from TLS is most intense for the soda-lime-11(a), wly,(w,T)/(n+1) for a soda-lime-silica glas®$%
silica glass ALY (dotted curve, weaker in the PbO glass ca0 and 6% BaALY is shown for several temperatures.
(solid curvg and not observed in fused Si@lass(dashed  Thjs combination gives an ordinate proportional to the den-
curve._ ) o ] sity of states times the coupling coefficient. At low frequen-

An important experimental find illustrated here is that thejag the TLS temperature dependence is evident. However, in
scattering in the boson_peak region does not scgle in thﬁ:]e frequency region 20—40 crh(as well as the entire bo-
o e e s e e o1 peak reion, ot showmo change isobsered n e
ALY glass and the weakest in the fused g@a’ss The TLS spectrum for d|ﬁeren§ temperatures. Thl_s re;ult is comple_tely

i . ) different from the far-infrared results which display IR-active

scattering, on the other hand, is strongest for the ALY glas LS excited-state transitioS.Such a constant result with

weaker for the PbO glass and absent in the pure, §i@ss :
as determined in Ref. 5. The conclusion is that in glasses thtgmperature would be expected if the low-temperature Ra-

intensity of the Raman scattering from TLS and scattering if"'@n Scattering in this frequency region is only associated
the boson peak region do not scale with one another. with phonons. Since there is no additional temperature de-
pendence, it appears that the TLS excited states in this soda-

lime-silica glasgand the PbO glagsare not Raman active.
The Bak+45%Lak mixed crystal Raman scattering
Previous far-infrared low-temperature studfe¥ of both  data, which are shown in Fig. @) for a similar temperature
fluorite mixed crystals and glasses have shown that there arange, further demonstrate the absence of Raman-active TLS
TLS excited-state transitions in the region fron20 to 40  excited-state transitions. Here any TLS excited-state tem-
cm L. These excited-state excitations manifest themselves bgerature dependence would be easy to identify since the bo-

glass is also included for reference. For the PbO gl&gs
is about a factor of 3 smaller than that found for the soda
lime-silica glasses.

D. No scaling of TLS with the boson peak

E. No Raman scattering from TLS excited-state transitions
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son peak is relatively weak, yet there is not the slightesactive TLS are similar in magnitude with the Raman cutoff
evidence in this figure for Raman-active TLS excited-statefrequency always occurring between 10 and 20 trmore-
transitions. over, in neither kind of disordered system is scaling of the
strength of the TLS with the strength of the boson peak
V. CONCLUSIONS found.

o ) ) No evidence of excited-state transitions associated with
By examining the Raman scattering from TLS in glasses &r| s have been observed in Raman scattering from the
number of new features have been identified. The shift of thgasses or the mixed crystal systems, although both kinds of
boson peak to lower frequencies with increased BaO conceryystems show TLS excited-state transitions in far-infrared
tration and the absence of such a shift for the correspondingpsorption measurements. How such low-symmetry tunnel-

TLS spectrum in the soda-lime-silica glasses shown in Fig. }ng systems could still have a remaining selection rule is not
are the first bit of direct evidence that the two componentsyt i clear.

are not connected to each other. The fact that the PbO silicate gpe noteworthy difference in the TLS Raman scattering

glass has a much stronger boson peak but a much weakggtween the mixed crystal and glasses is that for the mixed
TLS component when compared to the soda-lime-silicgysta| the TLS scattering only appearsiin, symmetry, not
glasses reinforces this conclusion. The cutoff in the Rama}, E, or in Toy. If the Raman scattering from the TLS in
activity of TLS for all of these glasses is consistent with fglasses were exactly the same, then scattering would have

symmetric tunnel splittings extending up to an energy ofypneared only in the polarized spectrum not in the depolar-
about 1 meV. This value provides a general lower limit fori;eq one. Such behavior was not observed.

the barrier heights and/or the masses of the tunneling objects.

Explaining such .deta|led _e>§per|m_ental results becomes ACKNOWLEDGMENTS
even more challenging when it is realized that many features
are very similar or identical to those previously reported for We thank D. M. Trotter and M. Teter for providing us
the Raman scattering from TLS in mixed fluorite crystalwith the glass samples used in this study. This work was
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