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Experimental study of Raman-active two-level systems in soda-lime-silica and lead oxide glasse

J. J. Tu and A. J. Sievers
Laboratory of Atomic and Solid State Physics and Cornell Center for Materials Research, Cornell University,

Ithaca, New York 14853-2501
~Received 6 August 2001; revised manuscript received 26 November 2001; published 29 March 2002!

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 Steuben~PbO! 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.

DOI: 10.1103/PhysRevB.65.144204 PACS number~s!: 63.50.1x, 78.30.2j, 78.30.Ly
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I. INTRODUCTION

A quasielastic component in the light scattering spectr
of a glass was first discovered in fused SiO2 in 1975.1 The
increase in the low-frequency Raman scattering with incre
ing temperature was attributed to the scattering due to re
ation of two-level systems~TLS! between two possible
configurations.2 It was pointed out in this study1 that the
direct coupling of the light to the distribution of TLS shou
give rise to a characteristic temperature dependence as
ated with the thermal population of the two levels, but
such temperature dependence was seen. At about the
time temperature-dependent far-infrared absorption meas
ments demonstrated that the TLS energy distribution
glasses extended at least up to a frequency of 10 cm21.3,4

The predicted temperature-dependent properties of the
frequency Raman scattering from resonant interactions w
TLS was thought to have a firm theoretical footing,2 but it
became evident with the precise and systematic studies o
low-frequency and low-temperature Raman scattering
very pure silica fibers5,6 that this spectroscopic probe cou
not identify TLS in vitreous silica. These experiments fail
to show any evidence of the predicted hallmark tempera
dependence associated with the resonant interaction
TLS. The missing signature was quite surprising since
this time the low-frequency end of the TLS density of sta
had been observed using many different experime
probes.7,8

This Raman inactivity issue reappeared over a dec
later when it was experimentally demonstrated by both
infrared absorption9,10 and Raman resonant scattering11–13

that a broad distribution of TLS existed in fluorite mixe
crystals containing lanthanum. In addition, it was shown
cently that the total Raman-active TLS number density
be estimated in these fluorite mixed crystals by using
allowedT2g phonon mode as the normalizing factor.13 These
findings are of general interest since Raman scattering f
resonant interactions with TLS has been observed in the
ide glass LASF7, which contains lanthanum.14 Later these
same investigators reported Raman scattering from TLS f
~NbTa! oxide glass, but not for a lead silicate glass ev
though the latter is also an efficient Raman vibratio
0163-1829/2002/65~14!/144204~8!/$20.00 65 1442
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scatterer.15 The total Raman-active TLS number density w
not estimated for these systems. The fact that TLS are id
tified by Raman scattering in some glassy hosts but no
others is the current situation.

A fairly universal Raman feature in the low-frequenc
spectrum~,150 cm21! of amorphous materials is the so
called boson peak~BP!.16 It has been suggested that there
a direct correlation between TLS and the BP in glasses,17–19

but the relationship between these two different spec
scopic features is still under investigation.

In this paper the puzzling behavior of the TLS Ram
activity of glassy systems is reexamined with the system
measurement of the low-frequency, low-temperature Ram
spectra of a number of silicate glasses. Our spectrosc
measurements on a series of soda-lime-silica glasses
various amounts of CaO and BaO as well as on a Steu
~PbO! glass show TLS Raman activity in each case. T
precision of these measurements is sufficient to estimate
total Raman-active number density of TLS. It is found th
this number density does not scale with the boson p
strength in the vibrational spectrum.

The next section outlines the theoretical background
the analysis of the temperature-dependent Raman scatt
properties of glasses at low temperatures and low frequ
cies. Section III presents the experimental details and res
The data analysis is described in some detail in Sec.
which permits an estimate of the total Raman-active num
density of TLS to be made. The discussion and conclusi
in Sec. V complete the picture.

II. THEORETICAL BACKGROUND

Raman spectroscopy is an important tool in the study
the vibrational properties of solids.20–22 In glasses, most of
the work has centered on the boson peak, a near-unive
feature.19,23–26 The experimental work to be presented a
analyzed here focuses on the quasielastic scattering regio
glasses and its temperature dependence, at somewhat
frequencies~,25 cm21! and lower temperatures~,15 K!
than most of the earlier studies. At such low temperatu
relaxational Raman scattering effects can be neglected.
the total Raman Stokes intensity has two temperatu
©2002 The American Physical Society04-1
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dependent contributions: the resonant interaction with T
and with phonons, giving2

I Total
S ~v,T!5I ph

S ~v,T!1I TLS
S ~v,T!, ~1!

where27

I ph
S ~v,T!5@n11#Fgph~v!

CPh

v G ~2!

and

I TLS
S ~v,T!5@nTLS

S ~v,T!#FgTLS~v!
CTLS

v G . ~3!

Here nTLS
S is the ground-state population factor of TLS.

represents the fraction of TLS in the ground state at a gi
frequency and a given temperature, and it follows the B
zmann distribution asnTLS

S 51/@11exp(2\v)/kBT#. The den-
sity of states for phonons and TLS aregph(v) andgTLS(v),
respectively.

To obtain an expression that brings out the temperat
dependent Raman scattering due to TLS, both sides of
~1! are divided by the Bose-Einstein factor (n11) so that

I Total
S ~v,T!

~n11!
5Fgph~v!

Cph

v G1FgTLS~v!
CTLS

v G tanhF \v

2kBTG .
~4!

It is interesting to note that the ratio ofnTLS
S /(n11) gives the

tanh function above. By plotting this normalized Raman
tensity data versus tanh@\v/2kBT# the physical parameters o
interest can be readily identified. If part of the low-frequen
Raman scattering in glasses is due to TLS, th
I Total

S (v,T)/(n11) should depend linearly on
tanh@\v/2kBT#. Furthermore, the intercepts for such da
sets give the phonon contribution and the slopes the T
contribution to the total Stokes Raman intensity. W
I ph

S (v,T) known, the contributions from the TLS and th
phonons on the anti-Stokes side can also be separated
TLS contributionI TLS

A (v,T) to the total anti-Stokes Rama
intensity becomes

I TLS
A ~v,T!5I Total

A ~v,T!2I ph
A ~v,T!

5I Total
A ~v,T!2I ph

S ~v,T!expS 2\v

kBT D . ~5!

Once the Raman scattering due to phonons is removed
the total Raman intensity, the Raman scattering due to T
from both Stokes and anti-Stokes scattering contributi
can be written as

I TLS
j ~v,T!5@nTLS

j ~v,T!#FgTLS~v!
CTLS

v G , ~6!

where j 5S or A stands for Stokes or anti-Stokes, respe
tively. Since the only temperature-dependent quantity on
right-hand side of Eq.~6! is the TLS population number
nTLS

j , plotting the Stokes intensity data versus the grou
state population numbernTLS

S or the anti-Stokes versus th
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excited state population numbernTLS
A should result in linear

dependences with the same slope, a characteristic feature
TLS spectrum.

III. EXPERIMENTAL DETAIL AND RESULTS

The different glasses used in this investigation were p
pared by Corning Incorporated. The chemical composit
and the densities are listed in Table I. All of the glass samp
studied were in the form of 5-mm cubes which had be
polished to optical quality to reduce Rayleigh scattering.

An Oxford Variox optical cryostat is used for low
temperature measurements. The samples can either be
mersed in superfluid4He or cooled with4He gas. The tem-
peratures are monitored by three temperature sensor
commercially calibrated rhodium-iron thermocouple plac
on the heat exchanger near the sample, a commercially
brated Lakeshore silicon diode thermocouple mounted on
sample holder, and a 1000-V Allen Bradley resistor also
mounted on the sample holder. The most accurate temp
ture sensor is the Si-diode sensor on the sample holder,
the other thermometers are used as double checks. An
ford ITC503 temperature controller is used to fix the te
perature of the heat exchanger at the desired temperatu

The Raman spectra have been measured with a DilorXY
211 Raman system using the 514.532-nm excitation line
an argon ion laser. Each spectrum at a resolution of 2
cm21 was typically taken in a 600-sec duration using 2
mW of laser power. The usual 90° scattering configurat
was used to study both the polarized and depolarized spe
Both Stokes and anti-Stokes spectra have been recorde
each temperature. Low-temperature readings were che
by comparing the temperature values obtained from
Stokes and anti-Stokes spectra with the sample thermom
reading. In addition, no change was observed in the th
mometer readings with the laser on and off. Because of
high transparency of the samples, it is perhaps not surpri
that no laser-induced thermal heating of the samples is
served in these experiments. Therefore to a very good
proximation the temperature measured by the sample t
mometer is the actual temperature of the scattering volu
even at low temperatures. In each case several spectra
been averaged to eliminate the effects of cosmic rays
other noise factors. To check for thermal hysteresis the t

TABLE I. Sample ID, chemical composition, and density of th
glasses studied.

Sample ID Chemical composition Density~g/cm3!

ALWa 12% CaO and 0% BaO 2.5
ALX a 9% CaO and 3% BaO 2.6
ALY a 6% CaO and 6% BaO 2.7
ALZa 3% CaO and 9% BaO 2.8
AMA a 0% CaO and 12% BaO 2.9
PbOb 55% SiO2 and 30% PbO 3.1

aCorning soda-lime-silica glasses—the other glass components
73% SiO2 , 14% Na2O, and 1% Al2O3 .

bCorning Steuben~PbO! glass.
4-2



o
em

tr
e
to
-

e
rk

ri
an
in
ri
a

. T
n

m
d
e

s n
as
k
th
ac
o

.
bo
ith

re-
sity,
n in

ati-
ri-
pen-
en

iled
po-

. 3.
he

K

bly
the
ses
re-
t in-

an

and
g a
ra-

own

n

d
n

ilica
.
:

EXPERIMENTAL STUDY OF RAMAN-ACTIVE TWO- . . . PHYSICAL REVIEW B 65 144204
perature dependence of each sample is repeated twice:
with increasing temperatures and then with decreasing t
peratures.

Low-temperature and low-frequency Raman spec
I Total(v,T) are presented here either in this form, as d
scribed in the preceding section, or modified
I Total(v,T)/v(n11). This latter frequency-weighted re
duced spectrum28 ~FWRS! is convenient for displaying both
the TLS scattering component~if any! and the vibrational
contribution in the region of the boson peak. It also mak
the presentation of our data consistent with previous wo2

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

The low-temperature polarized Raman spectra of a se
of soda-lime-silica glasses with various amounts of CaO
BaO but with fixed total ionic concentration are shown
Fig. 1. On the Stokes side, there is strong Raman scatte
even at 1.4 K. However, on the anti-Stokes side no Ram
signal is observed at 1.4 K for any of the three glasses
ensure that the elastic Rayleigh scattering does not influe
the Raman spectra of these glasses, a lower limit of 5 c21

is used and as a result asymmetric spectra are obtaine
the Stokes and anti-Stokes region at low frequencies. Th
asymmetric spectra indicate that Rayleigh scattering play
significant role in our measurements, because such el
scattering should enter into both the Stokes and anti-Sto
spectra with equal strength. Another reason for showing
anti-Stokes spectra is to demonstrate that there is no b
ground signal due to luminescence. None is observed in
measurements.

The low-temperature FWRS~polarized and depolarized!
of a series of soda-lime-silica glasses are shown in Fig
The low-temperature spectra are all very similar. For the
son peak there is a slight shift to lower frequencies w

FIG. 1. Low-frequency polarized Raman spectra of some so
lime-silica glasses covering both Stokes and anti-Stokes regio
1.4 K. The resolution is 2.1 cm21.
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increasing BaO content. This frequency shift may be cor
lated with the change in glass density: the higher the den
the lower the frequency. For the lowest frequencies show
the figure the scattering in each system increases dram
cally. In addition, the strength of this low-frequency cont
bution in each of the glasses is essentially the same, inde
dent of the glass density. Because of this similarity betwe
the spectra of this glass series listed in Table I, the deta
temperature-dependent results for only one chemical com
sition are presented here.

The FWRS for the~6% CaO and 6% BaO! ALY soda-
lime-silica glass at several temperatures are shown in Fig
Figure 3~a! presents the polarized Raman intensity of t
quasielastic scattering from 5–15 cm21 from this ALY glass
which increases with decreasing temperature from 12.5
down to 1.4 K. Similar behavior is found in Fig. 3~b! for the
depolarized spectra, but the scattering effect is noticea
weaker in this case. As will be shown in the next section,
experimental results for all of these soda-lime-silica glas
below 15 K display the predicted characteristic temperatu
dependent behavior of Raman scattering due to resonan
teraction with TLS.2

B. Data for PbO silicate glass

Mainly because previous workers reported no Ram
scattering from TLS in a silicate lead glass,15 some care has
been taken to measure the low-temperature polarized
depolarized FWRS of a Stueben silicate glass containin
high concentration of PbO. The FWRS at several tempe
tures are shown in Fig. 4. The boson peak scattering sh
in Fig. 4~a! is more than twice as strong as that from the~6%
CaO and 6% BaO! ALY soda-lime-silica glass presented i

a-
at

FIG. 2. Reduced Raman spectra of some soda-lime-s
glasses covering both the TLS and boson peak region at 1.4 K~a!
Polarized spectra, ~b! depolarized spectra. Solid curve
~0.12CaO10.0BaO! ~ALW !. Dashed curve:~0.06CaO10.06BaO!
~ALY !. Dotted curve:~0.0CaO10.12BaO! ~AMA !. The resolution
is 2.1 cm21.
4-3
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J. J. TU AND A. J. SIEVERS PHYSICAL REVIEW B65 144204
Fig. 3. No temperature dependence is observed in the b
peak region for these spectra; however, the polari
Raman intensity of the quasielastic scattering from 5 to
cm21 in this PbO glass is observed to increase with
creasing temperature from 12.5 K down to 1.4 K. This is
same characteristic temperature dependence found for
soda-lime-silica glasses indicating that Raman scatte
from TLS is being observed. Note that the TLS effect
much weaker in this PbO glass as compared to the s
lime-silica glasses despite the fact that the PbO glass

FIG. 3. Temperature dependence of the reduced Raman sp
of ~0.06CaO10.06BaO! soda-lime-silica glass. Solid curve: 1.4 K
Dotted curve: 7.5 K. Dashed curve: 12.5 K.~a! Polarized spectra
~b! depolarized spectra.

FIG. 4. Temperature dependence of the reduced Raman sp
of a PbO Steuben silicate glass. Solid curve: 1.4 K. Dotted cu
7.5 K. Dashed curve: 12.5 K.~a! Polarized spectra,~b! depolarized
spectra. The resolution is 2.1 cm21.
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more efficient Raman scatterer.~Compare the boson pea
region, for example.! Similar temperature-dependent b
havior is observed in Fig. 4~b! for the depolarized spectra
Clearly, Raman scattering from resonant interaction w
TLS results occurs for this PbO glass, consistent with
soda-lime-silica results and contradicting the results pre
ously reported for a PbO silicate glass.15

IV. DATA ANALYSIS

A. Detailed TLS temperature dependence of some silicate
glasses

To provide a quantitative determination of th
temperature-dependent results it is necessary to make u
Eq. ~4! to analyze the data. In Fig. 5, the appropriately n
malized low-frequency Raman spectraI Total

S (v,T)/(n11) is
plotted versus tanh@\v/2kBT# from 1.4 to 15 K for the soda-
lime-silica glass~6% CaO and 6% BaO! ALY. The linear
dependence over the six temperatures and three freque
~with no free parameters! clearly demonstrates that Rama
scattering from TLS is being observed for this soda-lim
silica glass.

After removing the phonon contribution from the tot
Raman intensity, the observed linear dependence of the
man TLS scattering data versus the population of the ap
priate Stokes or anti-Stokes scattering state is presente
Fig. 6. The Raman Stokes intensity without the phonon c
tribution versusnTLS

S is plotted in Fig. 6~a! for the soda-lime-
silica glass. Clearly, the Raman Stokes intensity depends
early on the ground statenTLS

S for the three frequencies
shown. Because both the temperatures and frequencie
determined, the slope in Eq.~6! is the experimentally mea
sured quantity of interest. Similar behavior is observed

tra

tra
e:

FIG. 5. Population dependence of the total Stokes Raman s
tering normalized by (n11). For a ~0.06CaO10.06BaO! soda-
lime-silica glass a linear variation vs tanh@\v/2kBT# is shown for
three different frequencies in the quasielastic region and six t
peratures from 1.4 to 15 K.
4-4
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EXPERIMENTAL STUDY OF RAMAN-ACTIVE TWO- . . . PHYSICAL REVIEW B 65 144204
the anti-Stokes side, as shown in Fig. 6~b!. Within experi-
mental error the same slope is found.

The same linear dependence is observed for all the s
lime-silica glasses listed in Table I. Raman spectroscopy
the added advantage that both Stokes and anti-Stokes
tering can be examined separately so that there is no
parameter involved in fitting the experimental data to Eq.~6!
when both the Stokes and anti-Stokes data are used. Sim
behavior is seen in the depolarized spectra, but clearly
effect is much weaker. The Raman scattering contribut
from resonant interaction with TLS has been determined
all of these soda-lime-silica glasses and will be presen
shortly.

The same procedure described for the soda-lime-s
glasses has also been used to analyze the PbO glass re
The observed linear dependence of the Raman TLS sca
ing versus population of the appropriate scattering stat
shown in Fig. 7 for the Steuben PbO glass. Clearly, the
man Stokes intensity without the phonon component depe
linearly onnTLS

S for the three frequencies shown in Fig. 7~a!.
Similar behavior is observed on the anti-Stokes side sho
in Fig. 7~b! with the same slope and for the depolariz
spectra. Even though the observed Raman scattering
TLS in this PbO glass is much weaker compared to the so
lime-silica glass, the signal to noise was sufficient to dem
strate the TLS temperature effect. It appears that prev
investigators missed seeing this effect in the PbO gla15

because the TLS scattering does not scale with the scatte
associated with the vibrational modes.

B. Density of states of TLS in silicate glasses

To obtain a measure of the density of states per unit v
ume,gTLS(v), of Raman-active TLS for silicate glasses, t

FIG. 6. Temperature dependence of low-frequency Raman
tensity due to TLS, for a~0.06CaO10.06BaO! ~ALY ! soda-lime-
silica glass from 1.4 to 15 K.~a! Raman Stokes intensity vs th
ground-state population,nS

TLS , ~b! Raman anti-Stokes intensity v
the excited state population,nA

TLS .
14420
a-
as
at-

ee

ilar
e

n
r
d

a
ults.
er-
is
a-
ds

n

m
a-
-

us

ing

l-

Raman intensity due to TLS must be normalized to that o
Raman band with a known density of states. The Ram
scattering from vibrational modes in pure fused SiO2 has
been examined.16 The predominant feature in pure fuse
SiO2 is the strong and polarized double-peaked band c
tered at 400 cm21. Although part of this spectrum probabl
arises from the motion of bridging oxygen along the Si-O
angle bisector, which is often described as the symme
stretching mode of bridge oxygen,ns(Si-O-Si),29 this is still
controversial. We therefore propose here to use a more
eral argument to determine the appropriate normalizing d
sity of states.

The high-temperature specific heat in the Dulong-P
limit can be interpreted in terms of nine normal modes p
SiO2 molecule, three translational vibrations, three libr
tional vibrations, and three internal vibrations. The expe
mental specific heat result at high temperatures together
the vibrational density of states measured by inelastic n
tron scattering30 can be used to estimate the mean numbe
modes in the Raman-active frequency band of interest.
full width at half maximum~FWHM! of this band ranges
from 250 to 510 cm21. From the experimentally measure
density of states this frequency range encompasses on
average three modes per molecule. Assuming that abou
of these modes are Raman active, the normalizing factor
the scattered intensity in this frequency region becomesSM
;3.331022 mode/cm3.

An estimate of the total density of states of TLS per u
volume,gTLS(v), can be obtained from the Raman scatt
ing results by comparing the ratio between the polarized
man scattering found for TLS with that found for the pola
ized band from 250 to 510 cm21 in pure fused SiO2 .
Because both the symmetric and asymmetric contributi

n- FIG. 7. Temperature dependence of low-frequency Raman
tensity due to TLS, for a Steuben PbO glass from 1.4 to 15 K.~a!
Raman Stokes intensity vs the ground-state population,nS

TLS , ~b!
Raman anti-Stokes intensity vs the excited state population,nA

TLS .
4-5
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are included in the polarized spectrum, this comparison g
a measure of the total density of states of TLS. IfCM is taken
to be the light-vibration coupling coefficient for these hig
frequency Raman-active vibrational modes, then a zero-o
approximation is to assume that the TLS coupling coeffici
CTLS;CM5const. One gets the following equation:

v~ I TLS
S /nTLS

S !

*dv vI M
S 5

gTLS~v!

*dv gM~v!
5

gTLS~v!

SM
, ~7!

whereI TLS
S is the Raman Stokes intensity from TLS andI M

S is
the Raman Stokes intensity from the high-frequency pho
band. The numerator of Eq.~7! on the left-hand side is the
left-hand side of Eq.~3! divided by CTLSnTLS

S /v and the
denominator is the left-hand side of Eq.~2! divided by
CM(nM11)/v integrated over the region from 250 to 51
cm21. Note that the Bose-Einstein factor for the hig
frequency vibrational mode, (nM11), has been set to unit
in Eq. ~7! because the sample is at 1.4 K. Since the exp
mental ratio on the left-hand side is known for each sam
and so isSM , the mean number of Raman-active vibration
modes per unit volume, the value ofgTLS(v) can be deter-
mined explicitly:

gTLS~v!5SM

v~ I TLS
S /nTLS

S !

*dv v~ I M
S !

. ~8!

In Fig. 8~a!, the density of states per unit volume of TL
gTLS(v), is plotted versus frequency for the ALY soda-lim
silica glass. Note that the high-frequency cutoff for TLS
this glass is;15.0 cm21. Similar behavior is found for each
of the other soda-lime-silica glasses as illustrated in Fig
Figure 8~b! shows the density of states per unit volume

FIG. 8. Frequency dependence of the optical number densit
states of TLS, in two silicate glasses at 1.4 K.~a! ~0.06CaO
10.06BaO! soda-lime-silica glass,~b! Steuben PbO silicate glass
14420
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the PbO glass. Here the high-frequency cutoff appe
slightly lower with a cutoff at;14.0 cm21. Since the optical
density of states is being measured, the cutoff either sign
a change in the TLS Raman activity or the density of sta
goes to zero. Since optical selection rules for tunneling s
tems are known to change when the asymmetry beco
comparable with the symmetric tunnel splitting, these m
surements suggest that a crossover may extend up to a
ergy of about 1 meV. Clearly the assumption often used
analyze low-temperature thermal data that the density
states of TLS is a constant8 would still be valid in this case.

C. Total number density of TLS

The existence of the high-frequency cutoff in the TL
optical density of states,gTLS(v), for these glasses permit
an estimation of the total number of Raman-active TLS
unit volume,STLS . Each of the dotted curves displayed
Figs. 7~a! and 7~b! represents a least-squares fit togTLS(v)
using an emperical three-parameter function of the fo
g(v)5a/$exp@b(v2d)#11%, wherea, b, andd are the fitting
parameters. Since the fits are extremely good, the fitted fu
tion gTLS(v) is used to estimate the area under each cu
Integrating

E dv gTLS~v!5STLS , ~9!

from 0 to 100 cm21 gives the total number of Raman-activ
TLS per unit volume,STLS .

For the soda-lime-silica glass series the measured t
number density of Raman-active TLS,STLS , at 1.4 K is pre-
sented in Fig. 9 as a function of the molar concentration
CaO. Note thatSTLS increases only slightly as the CaO co
tent increases. The data point corresponding to the P

of

FIG. 9. Comparison of the total optical number density
Raman-active TLS,STLS , for several different glasses. The sod
lime-silica glasses are shown vs the CaO concentration.
4-6
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EXPERIMENTAL STUDY OF RAMAN-ACTIVE TWO- . . . PHYSICAL REVIEW B 65 144204
glass is also included for reference. For the PbO glass,STLS
is about a factor of 3 smaller than that found for the so
lime-silica glasses.

D. No scaling of TLS with the boson peak

Low-frequency FWRS of several representative glas
at 1.4 K are shown in Fig. 10. Both polarized and depo
ized spectra are presented in~a! and~b!, respectively. Raman
scattering from TLS is most intense for the soda-lim
silica glass ALY ~dotted curve!, weaker in the PbO glas
~solid curve! and not observed in fused SiO2 glass~dashed
curve!.

An important experimental find illustrated here is that t
scattering in the boson peak region does not scale in
same way as the scattering from TLS: the boson peak~vibra-
tional scattering! is strongest in the PbO glass, weaker in t
ALY glass and the weakest in the fused SiO2 glass. The TLS
scattering, on the other hand, is strongest for the ALY gla
weaker for the PbO glass and absent in the pure SiO2 glass
as determined in Ref. 5. The conclusion is that in glasses
intensity of the Raman scattering from TLS and scattering
the boson peak region do not scale with one another.

E. No Raman scattering from TLS excited-state transitions

Previous far-infrared low-temperature studies10,31 of both
fluorite mixed crystals and glasses have shown that there
TLS excited-state transitions in the region from;20 to 40
cm21. These excited-state excitations manifest themselve

FIG. 10. Comparison of the low-frequency reduced Ram
spectra of several different glasses at 1.4 K. Dashed curve: f
SiO2 . Dotted curve:~0.06CaO10.06BaO! soda-lime-silica glass
Solid curve: Steuben PbO silicate glass.~a! Polarized spectra,~b!
depolarized spectra. Note that the largest boson peak scattering
not correlate with the largest TLS scattering.
14420
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having the opposite temperature dependence at low temp
tures, over a restricted frequency interval, from that fou
for the ground-state TLS transitions. At low temperatures
the TLS IR-active spectrum disappears with increasing te
perature, the excited-state IR-active spectrum appears.

Figure 11 shows the temperature-dependent Raman s
tra for a soda-lime-silica glass and for a fluorite mixed cry
tal now plotted in such a way as to bring out any Rama
active excited-state population effects if they exist. In F
11~a!, vI Total(v,T)/(n11) for a soda-lime-silica glass~6%
CaO and 6% BaO! ALY is shown for several temperatures
This combination gives an ordinate proportional to the d
sity of states times the coupling coefficient. At low freque
cies the TLS temperature dependence is evident. Howeve
the frequency region 20–40 cm21 ~as well as the entire bo
son peak region, not shown! no change is observed in th
spectrum for different temperatures. This result is complet
different from the far-infrared results which display IR-activ
TLS excited-state transitions.10 Such a constant result with
temperature would be expected if the low-temperature
man scattering in this frequency region is only associa
with phonons. Since there is no additional temperature
pendence, it appears that the TLS excited states in this s
lime-silica glass~and the PbO glass! are not Raman active.

The BaF2145%LaF3 mixed crystal Raman scatterin
data, which are shown in Fig. 11~b! for a similar temperature
range, further demonstrate the absence of Raman-active
excited-state transitions. Here any TLS excited-state te
perature dependence would be easy to identify since the

n
ed

oes

FIG. 11. Temperature dependence of the low-frequency redu
Raman spectra of two different kinds of disordered systems.~a!
~0.06CaO10.06BaO! soda-lime-silica glass~ALY !. Solid curve:
1.4 K. Dotted curve: 7.5 K. Dashed curve: 12.5 K.~b!
(BaF2)0.55(LaF3)0.45 fluorite mixed crystal. Solid curve: 1.4 K
Dotted curve: 10.5 K. Dashed curve: 15.0 K.
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son peak is relatively weak, yet there is not the slight
evidence in this figure for Raman-active TLS excited-st
transitions.

V. CONCLUSIONS

By examining the Raman scattering from TLS in glasse
number of new features have been identified. The shift of
boson peak to lower frequencies with increased BaO con
tration and the absence of such a shift for the correspon
TLS spectrum in the soda-lime-silica glasses shown in Fig
are the first bit of direct evidence that the two compone
are not connected to each other. The fact that the PbO sili
glass has a much stronger boson peak but a much we
TLS component when compared to the soda-lime-si
glasses reinforces this conclusion. The cutoff in the Ram
activity of TLS for all of these glasses is consistent w
symmetric tunnel splittings extending up to an energy
about 1 meV. This value provides a general lower limit f
the barrier heights and/or the masses of the tunneling obje

Explaining such detailed experimental results becom
even more challenging when it is realized that many featu
are very similar or identical to those previously reported
the Raman scattering from TLS in mixed fluorite crys
systems.13 For both mixed crystal and glass systems, the
tical density of states and total number density of Ram
e

ys

oc

, J

er

14420
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active TLS are similar in magnitude with the Raman cut
frequency always occurring between 10 and 20 cm21, more-
over, in neither kind of disordered system is scaling of t
strength of the TLS with the strength of the boson pe
found.

No evidence of excited-state transitions associated w
TLS have been observed in Raman scattering from
glasses or the mixed crystal systems, although both kind
systems show TLS excited-state transitions in far-infra
absorption measurements. How such low-symmetry tun
ing systems could still have a remaining selection rule is
at all clear.

One noteworthy difference in the TLS Raman scatter
between the mixed crystal and glasses is that for the mi
crystal the TLS scattering only appears inA1g symmetry, not
in Eg or in T2g . If the Raman scattering from the TLS i
glasses were exactly the same, then scattering would h
appeared only in the polarized spectrum not in the depo
ized one. Such behavior was not observed.
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23J. Jäckle, in Amorphous Solids, edited by W. A. Phillips

~Springer-Verlag, Berlin, 1981!.
24A. P. Sokolov, A. Kisliuk, M. Soltwisch, and D. Quitmann, Phy

Rev. Lett.69, 1540~1992!.
25M. Kolesik, D. Tunega, and B. P. Sobolev, Solid State Ionics58,

237 ~1992!.
26A. P. Sokolov, A. Kisliuk, D. Quitmann, and E. Duval, Phys. Re

B 48, 7692~1993!.
27R. Shuker and R. W. Gammon, Phys. Rev. Lett.25, 222 ~1970!.
28J. S. Lannin, Phys. Rev. B15, 3863~1977!.
29S. K. Sharma, D. W. Matson, J. A. Philpotts, and T. L. Roush

Non-Cryst. Solids68, 99 ~1984!.
30D. L. Price and J. M. Carpenter, J. Non-Cryst. Solids92, 153

~1987!.
31S. A. FitzGerald, A. J. Sievers, and J. A. Campbell, J. Phy

Condens. Matter13, 2177~2001!.
4-8


