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Low-energy lattice vibrations of porous silica glass
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Internal friction, speed of sound, and thermal conductivity of \Wcor glass with porosities ranging from 29%
to 36% have been measured from 65 mK to 300 K. The results have been compared with those obtained on
bulk amorphous silica in order to understand how the porous structure affects the low-energy tunneling states.
Contrary to specific-heat results reported previously on VWcor, our measurements indicate that these changes
are surprisingly small. Our findings agree qualitatively with the results reported previously on sol-gel porous
glass with a similar porosity, and also on aerogels, which are even more highly porous than Wcor. Analysis of
the porous silica data suggests that the porosity has very little influence on the spectral density of the tunneling
defects, while their coupling energy to the phonons scales with the speed of sound. The excitations observed in
specific heat, however, appear to be different from those observed in the acoustic and thermal-conductivity
experiments.
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[. INTRODUCTION evidence for interactions between TLS is contradictory.
Pulse-echo experiments on borosilicate glass indicated the
The low-energy lattice vibrations of amorphous solids areexistence of elastic interactions between neighboring
dominated by tunneling states, also known as two-level sysTLS.S’20 Dielectric measurements on silicate glasses and
tems(TLS), which are responsible for their thermal, acous-Mylar***were found to be consistent with the predictions of
tic, and dielectric properties. The phenomenological Tunnelinteracting TLS mije_@(?"ls’Z?’ Several measurements could
ing Model, proposed by Anderson, Halperin, Vafmend  not be explained within the context of the present noninter-
independently by Philligsin 1972 to describe the thermal acting TLS theory, including internal friction and sound
properties of amorphous solids, and extended loklgito ~ SPeed meanséléreme?ﬁg of Zr,Cu_, and sound speed
describe the acoustic properties, has generally been highfjféasurements of a-SiO, thin films of thickness 20-500
successful. Based upon a few plausible assumptions, t . However, internal friction measureméfitsf atomically

Tunneling Model is able to account for an impressive arraf at a—hSi02 ;ilms (rja”‘-?l"‘_g infthickge;;s from 0'|75 nrg tlo 10100
of low-temperature propertiés® It should be noted, how- nm showed no deviation from buk-SiO, values below

ever, that the model makes no attempt to explain the microl although one would expect that the finite size of the films

scopic nature of the tunneling entities nor their nearly uni-ShOUId affect interactions on length scales longer than the

, = film thickness, thereby increasing the spectral density of
versal spectral density of statd, which was found through T g

numerous studies to be surprisingly insensitive to the chemi- Tha first study of the lattice vibrations of finely subdi-

cal bonding or physical properties of amorphous scﬂi_ds. vided amorphous solids was performed by StepHensio
Much effort has been directed towards uncovering th&neasyred the thermal conductivity below 1.5 K of \icor
cause of this universal spectral density. The most Promisingass. a silica glass with interconnected pores=af—8 nm

ideas invo.Ive the _roIe of interaptions between TLS, ‘("hiChdiameter and a porosity of 29%urther details on this po-
had been ignored in the Tunr_1eI|ng Model. Soon after 't,Wf"‘%us glass can be found in Sec).IHe found its thermal
reported that amorphous so_llds appear to have Very_s'm'laéonductivity to approach that of bulk-SiO, at the lowest
anorr;alous thermal properties at low t_empera_ltﬁr(ﬁ;em temperatures. Since these measurements will be used later in
etal. spe_culateq .that stra|n-med|ated- interactions bgtwge{he discussion of our results, they are reproduced here in Fig.
the tunnellng entities could be responS|b]e for this similarity. (labeled “Vycor29”: note that all porous samples discussed
By comparing many amorphous  solids, Freeman angy, ihjs study are labeled according to their porosity; see Table
Andersori’® found that the tunneling streng@=Py*/pv® ). The influence of the porosity was subsequently studied by
rather than the spectral densRywas the quantity that varied Tait?® by extending the thermal-conductivity measurements
least between amorphous solidg—coupling of TLS to to 30 K, also shown in Fig. 1. The two datasets do not agree
phononsp—mass densityy—speed of soungas had been completely in the temperature region of overlap; in the fol-
noted previously by Hunklingeet al** Freeman and Ander- lowing, both datasets will be analyzed. The top axis of the
son argued that the universality of this combination of pa-figure indicates the dominant phonon wavelengtl,, for
rameters was an indication of the role of strain-mediated inVycor29, i.e., the wavelength corresponding to the phonons
teractions between TLS. which transport the majority of the he®tAt T=1 K, the
Theoretical work by several researchers has addressed tdeminant phonon wavelength for Wcor29 Xg,,=27 nm
effects of interaction$?>~1°but to date none of these theories as compared to an average pore diameter of 7.5 nm and an
appear to have been unambiguously confirmed by experaverage pore separation /9.0 nm or 12.5 nm, estimated
ment. The reason for this is in part that the experimentahssuming either spherical or cylindrical pores, respectively.
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FIG. 1. Thermal conductivity of bulla-SiO, compared to sev- temperature (K)

eral porous silica samples described in the t@&S(O,, Ref. 66; FIG. 2. Specific heat of bull-SiO, compared to several porous
sol-gel19, Ref. 30; Wycor29: Ref. 27 below 1.5 K, Ref. 28 below 30jjica samples described in the te@erogelss, Ref. 34; sol-gel19,
K, and this work 10 K=T<300 K; aerogel60, Ref. 34; aerogel84, et 30; aerogel60, Ref. 34; Wcor29, Ref.)28h contrast to the
Ref. 34; see Table)! Although the thermal conductivities of the harmal conductivity, the specific heat beld. K for the porous
materials differ significantly at intermediate temperatures wherg;jjica samples is significantly enhanced relative to &iO,. The
scattering by voids dominates, the th(_ermal conductivities of all poyashed line labeled® indicates the linear temperature dependence
rous samples approach that of balkSiO, at the lowest tempera-  yreqicted by the Tunneling ModeFits to the low-temperature data
tures where phonons are believed to be scattered mainly by TLS the form C=A,T! yield A,=9.7x10°7 for a-SiO,; A,=5.8
The solid lines in the figure indicaf® fits to the Wcor29 data. X107 for Wcor29 and aerogel60i,=2.3x10°° for sol-gel19;
and A,=7.3x10 % for aerogel88 in units Jg K~*. In order to
For comparison, the dominant phonon wavelength for aeroconvert the published aerogel data, we used 10Kg*'

gel84 is estimated to be 5.9 nm Bt 1 K. =60.09 Jmole* K1)
The suppression of the thermal conductivity of Wcor
compared to bulka-SiO, above T~300 mK has been ex- Qualitatively similar results were observed on yet another

plained by Grace and Anders8rthrough phonon scattering kind of porous silica, aerogels, which were studied by de
by the voids. The lowering of the thermal conductivity by a Goeret al** and by Bernascoret al.* These glasses consist
constant factof2.1) relative to that of the bulk glass above of filaments~4 nm in diameter; the mass densities of the
30 K can be explained by an effective reduction of the cros@erogels studied ranged from 0.87 to 0.12 géntorre-
section through which the heat diffuses, as reviewed in Refsponding to porosities ranging from 60% to 95%. While the
31. For the present discussion, only the datawelK need  thermal conductivit?f1 of the sample with the lowest porosity
concern us. At these temperatures the thermal conductivity dberogel60p=0.87 g cm 3; Fig. 1) appears to approach that
Wecor may be interpreted as evidence for the presence aif bulk a-SiO, at the lowest temperatures, its specific ftat
tunneling states which are quantitatively very similar tois close to that of Wcor29Fig. 2). For a higher porosity
those in bulka-SiO,. By contrast, the low-temperature spe- aerogel(aerogel84p=0.36 gcm 3; Fig. 1), the measuring
cific heat showed a significant enhancement over that oblemperature was not low enough to tell whether the thermal
served in the bulk glass, as shown in Figs2e also Ref. 28, conductivity approaches that of buk-SiO,; the specific

as reviewed in Ref. 32° Measurements by Grace and heat* of a sample with similar porosityaerogel88, p
Andersori® on another porous glass produced by the sol-gel=0.27 gcm 3; Fig. 2) is distinctly higher even than that of
process, which had smaller pore sizes2 nm in diameter; sol-gel19. Amazingly, a further reduction of the mass density
porosity 19%, yielded similar results: A thermal conductiv- had only very little influence on the specific heat, which
ity identical to that of bulka-SiO, up to~1 K, as shown in  stayed close to that of the sample with the 0.27 g&mass
Fig. 1, and a linear specific heat even larger than that oflensity, even as the latter decreased to 0.12 g’oiRef. 34
Wecor, see Fig. 2. and 0.145 gcm?® (Ref. 35; data not shown in Fig.).2De
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TABLE I. Properties of bullka-SiO, and several porous materials, including the VWcor samples measured
in this work. The names of the porous materials correspond to their porosities, with the sample porosity
determined from the relatiop=1—p/p,, where p, is the mass density of bulk-SiO,. [Note that
in previously published work on the aerogels, aerogel60 was named “Sa(fkef. 6§ or BC 0.87
(Ref. 39; aerogel80 was named A-NC 0.8Bef. 39; and aerogel88 was named SamplgRef. 68 or BC
0.27 (Ref. 34.]

Material Average pore Density Porosityp Transverse sound Longitudinal sound

diameter(A) (gecm 3) velocity v, velocity v,
(10° cms ) (10° cms ™Y

a-Sio? 2.20 0 3.8 5.8

Weord’ 2.115 0.04 3.55

Sol-gel1$ 20 1.79 0.19 1.8 3.1

Weor2d! 75 1.57 0.29 2.14

Weor2d 1.558 0.29 2.19

\/ycor35f 20 1.44 0.35 2.06

Vycor36f 36 1.42 0.36 2.04

Aerogel6d 0.87 0.60 1.85

Aerogel84 0.36 0.84 0.78

Aerogel88 0.27 0.88 0.425

®Reference 7. Note also that in Ref. 69, Table 1, nearly identical values are listed for three different bulk
a-Si0, samples including Suprasil W, i.e., budkSiO, with low OH content, which is used for comparison
to the porousa-SiO, materials throughout this work.
bReference 41. According to the authors, the sample was created by fusing Vycor29 in order to eliminate the
pores.
‘Reference 30. Sound velocities were measured at room temperature at 13 MHz using a pulse-echo technique.
The same values were determined at20*° Hz from Brillouin scattering.
dMaterial used in present study: Corning Code 7930. The pore diameter and density were determined by Tait
(Ref. 37, who found a pore diameter between 7.0 and 8.0 nm; the average of those values is listed here. The
transverse speed of sound is measured in the present work.
®Reference 41. The transverse sound velocity was measurfed2ft MHz using a pulse-echo technique.
f\values for the average pore diameter and total pore volume per unit madg{&mwere supplied by Elmer
(Ref. 44. Transverse sound velocities are estimates based upon an empirical relation between porosity and
elastic modulus which has been found to hold for several porous mafes@ssEq.(1)] (Ref. 48.
9Reference 34; Speeds of sound were measurée-a0 MHz at room temperature.

Goeret al*® also measured the low-temperature internal fric-specific heat but might not couple strongly to the phonons. A
tion of samples ranging from 0.27 to 0.87 g¢fn They different explanation of these observations on the aerogels
found a nearly temperature-independent plateau belowas given by de Goeet al3* and by Bernascorgt al>° who
~5 K, of a magnitude close to that of bulcSiO,. These argued that although TLS are present within the silica fila-
data will be shown below together with our measurements ofnents with properties very similar to TLS in butkSiO,, a
Vycor. consistent interpretation of all of the measurements on aero-
The measurements on porous glasses which have beggls could be found in their fractal structufgee also Ref.
reviewed here can be summarized by the statements thgp). After repeating the measurements of the specific heat of
their thermal conductivities appear to approach that of bulkgcor, and after also studying its low-temperature heat re-
a-Sio, at sufficiently low temperatures, while the specific- lease, Nittke, Esquinazi, and Bufthconcluded that the
heat anomaly greatly exceeds that of the bulk glass. An instates seen in the measurements are indeed tunneling states
terpretation of both observations in terms of the Tunnelingas seen in bulk amorphous solids. However, by finely subdi-
Model would require that the energy-independent spectraliding the solid, elastic interactions between those states are
density P of the tunneling states increases with increasinghindered at low temperatures, and consequently more tunnel-
porosity (reaching a saturation at the very largest porosities ing states can remain active. This interpretation was based on
in order to explain the increase of the specific heat, whilehe assumption that in bulk glasses the tunneling states are
their coupling strength to the phonons decreases so as fwzen-in at low temperatures due to strain-mediated interac-
keep the thermal-conductivity constant. The Cornelltions, and they took their measurements as proof of this as-
authoré”?8:3237yere skeptical of such an interpretation and sumption. In order to explain the unchanged thermal conduc-
suggested instead that one should consider the possible rdigity in the Vycor, their interpretation required that the free
of localized excitations either of surface atoms or of ad-(i.e., not frozen-ijtunneling states would scatter the thermal
sorbed gases. Their vibrational excitations would be seen iphonons less, which the authors considered to be possible. In
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a more recent work by Nittket al,*® the specific heat and 10
heat release of micron-sizea-SiO, particles were inter-
preted in a similar manner. °
The same stud illustrated the difficulty of interpreting Q 4o o v
specific-heat results for porous or highly compacted materi- .
als. The authors found that the specific heat of micron-sizec2
a-Sio, particles embedded in teflon was significantly en-g 10
hanced relative to bulk-SiO, after subtracting the contribu- £
tion of the teflon. However, they also found that the specific =

[2] E
heat of quartz particles embedded in teflon was larger tharZ )

bulk a-SiG, (i.e., significantly larger than the specific heat of $ *a
quart, despite the fact that x-ray-diffraction patterns of the & " [}
quartz particle samples revealed crystalline structure. Early® 10 2
work by Tait on compacted crystalline alumina particle
samples and on compacted 7 nm diamete®iO, particle
samples likewise revealed that specific-heat measurement
on porous and compacted materials are very confuseg
Ref. 28 as reviewed in Ref. 32

Nittke et al. ascribed the enhanced specific heat of their FIG. 3. Relative elastic modulus as a function of porosity for
guartz particle samples to surface defects. The VWcor, sol-geporous silica aerogels, sol-gel, and Wdsplid symbol$ and for
and aerogel materials considered in Fig. 2 have very larggorous Greenland snow and alumin@pen symbols after
internal surface areas, making surface defects a possible elessingeet al, Ref. 48. For the silica aerogels, Vycor, and Green-
planation for the enhanced specific heat in those materials d&nd snow the data were extracted from measurements of the shear
well. Given the consistency of specific-heat results betweemodulus Gyorous/Gnonporous for porous alumina, the Young's
Vanous research groups and the precauuons taken to avomodulus waS used. The .dashed line is a theoretlcal curve from
adsorbed gases, it is unlikely that these states, if they exisMacKenzie(Ref. 46 and Kingeryet al. (Ref. 47. [Silica aerogels:
are surface contaminants. They are more likely intrinsic sur-+ Ref. 49 @, Ref. 50;A, Ref. 51V, Ref. 52. Sol-gell, Ref.

face molecules or groups of molecules with somewhat dif30: Weor: ¢, Ref. 41; +, this work (the two data points for

ferent chemical bonding than in the bulk Wecor29 overlap. Greenland snowi], Ref. 53. Porous alumina:

In light of the discrepancies and unanswered question?' Ref. 54]

regarding the porous silicas, it appeared desirable to ad?y
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low-frequency acoustic measurements of Vcor to those ecr?]rfrsgnr?gﬁ:e\;vﬁﬁhseuggvﬁﬂ toRlézebngl\élzT_r:b(\;\g%onglned
thermal conductivity and specific heat; to explore how a, 9 .

variation of the porosity of Wecor affects the thermal conduc-t(l ége mz(/axtrferrnely I;rgezsmt?rn\?vl Sl:n;(acne inarei\a r(1)|];1 V%/ﬁor
tivity; and, through a comparison with existing high-( mol |grl1 Ord\Ar/CtO mi,nim?? eth asﬁate f Cdearb% mel-
frequency acoustic data on WcBrto explore whether the samples In order 1o € the etlects ot adsorbe 0

: i cules. Details on the cleaning procedure and fabrication
tunneling strength is independent of frequency for porou{echnique can be found in Ref. 45.

material h n foun h for bulk amor- ) i
aterials, as has been found to be the case for bulk amo Table | summarizes the properties of the Wcor samples

phous solidS. These measurements will be presented here

and will be analyzed together with those on the thermal con-used in this study as well as several additional pom@s0,

ductivity reported previously. It will be seen that all materials measured elsewhere and discussed here. The data

observations—except those of the specific heat—can be a&'® compared to Suprasil We., bl.JIka'SiOZ with a lO.W OH.
scribed consistently with the Tunneling Model, with a tun- CONtenk; the properties of bulla-Si0, are therefore listed in

neling strengthC which is independent of the elastic moduli the table as well. The transverse sound velocity of Vycor29

of the glasses over a range of three orders of magnitude. THEAS determined in this studisee Sec. Iy, For the Vycor

excitations observed in specific heat appear to have a diﬁergamplfs with 2.0 nrr; éjla:rr]neter polré@cor:%? and 3I.I6t nm
ent origin from those observed in the acoustic and thermal2'ameter poregvycor36), the samp s were too small to per-
conductivity experiments. form sound speed measurements with our setup. Therefore,

the sound speeds listed for those materials were estimated
from an empirical relatiof?**’ between porosity and elastic
Il. EXPERIMENTAL MATTERS modulus which has been found to hold for porous materials

. . . . includin cor, aerogel, alumina, and Greenland snow with
Wecor is produced by dissolving the boron-rich phase OUtgorositiegs\%ss than (?@ashed line in Fig. B
of a phase-separated borosilicate glass, leaving behind a po- ' '

rous silica network composed of 968Si0,.%"#243The \W- G=Gy(1-1.9+0.9?). )

cor with the largest pore diametévycor29, Corning code

7930 was previously measured and characterized by®rdit Herep refers to the sample porosity; for the elastic modulus
who performed gas adsorption experiments to determine 60=p0vt2 we use the values listed in Table | for Wcor29

mass density for Wcor29 of 72% the value of b@kSiO, (i.e., since the relative elastic modulus for Wcor29 falls be-
and an average pore diameter of 7—8 nm. The remainintpw the empirical relation indicated by the dashed line in Fig.
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I, 5f)
(1+a)—+1||+—]| . 3)

s

have been scaled to the value for VWcor29

Thermal-conductivity measurements above 30 K were
performed using an ac technique for which errors due t
blackbody radiation are negligibf8.For measurements be-
low 30 K a standard dc technique was used with two ther
mometers and one heatesee Ref. 56 for more detajlsFor
the dc measurements, heaters and thermometers were pres
against samples with indium-coated BeCu clamps rather th scillator was found to be.=2.14x 10F cm/s at 78 K. in
attached with glue since glue may penetrate into POrous | e agreement with the tvalug=2.19>< 10° cm/s de’ter-
samples. The Wecor samples used for dc measurements WeIS d from ultrasonic measuremeitat f ~10 MHz on the
small and somewhat irregular in shape due to multiple nick

. . $ame material at 77 K. For internal friction and speed of
E\Iotng theltrhedges\/yctor35.0a;ia: 0:18><O.13%.cn?, dlstgnlcs sound measurements, care was taken to avoid self-heating of
€ V\éeenn%edr.mome egs : ckr]n, Vycor36: area .f the sample below 100 mK by maintaining the drive ampli-
< 0.20 cnf; distance between thermometers1.16 cm for — y,4s ot 5 low enough value to stay well within a linear-
measurements belol K and 0.60 cm for measurements o ;
. : ponse regime.
above 1 K. For the Wcor35 dc measurements, identical

h I o 4 for d b For all measurements, precautions were taken to minimize
thermometer clamp positions were used for data above angle effects of adsorbed gases in the interiors of the samples.

below 1 K. For the Vycor36 dc measurements, different thery- thermal-conductivity measurements below 1%Ke ex-

mometer clamp positions were required for data above anghange gas was used in the vacuum can from room tempera-

ieloﬁ 1K §I_irr11ce one en_d ?f th?. sarfnple bmk? after ﬂg? ture to 30 K, at which point the sample space was evacuated
=1 K run. The geometrical scaling factample area di- 1, oss than 10° torr. For thermal-conductivity measure-

vided by thermometer separationas therefore less certain noniq apove 1 K and for internal friction measurements, the
for the Wcor36 sample in th_e intermediate temperatureg mple space was evacuated to less thaif 16 at room
range. The data have been adjusted by a constant factor mperature; no exchange gas was subsequently used. Ber-
0.75 to match smoothly with the ac data above 30 |\ sconiet al®? have shown that adsorbed, tor O, has a
adjustments were made to tfie<1 K or T>30 K data. negligible effect on the thermal conductivity fro2 K to 20

The internal friction and speed of sound of Vycor29 WErey of aerogel samples with similar internal surface areas as

measured in torsion using a compound oscillator techniqu e Wecor samples used in this study. For the present mea-
that ensures good thermal contact between sample a

. rements, where significantly ledsle gas was adsorbed
cryostat’~>° Samples were epoxied to a quartz transducer, 9 y 9

. ) . han either H or in the study of Bernascorgt al, it is
the opposite enc_JI (.)f which was attached to a thin BeCu pe safe to assuldme tﬁ;t the measgred thermal conductivities are
estal (for each joint,a~0.5-mg drop of Stycast 2850FT intrinsic
epoxy was used Dimensions for the Wcor29 sample '
(area=0.15x 0.15 cn?; length=1.33 cn) were chosen to
create a stress node at the quartz-sample interface in order to !l TUNNELING MODEL AND DATA ANALYSIS

minimize mounting losses. The background loss due to the theqretical predictions for the TLS effects on the thermal
mounting arrangement was negligible below 10 K4 conqyctivity and internal friction are summarized here for
x10°") and has not been subtracted from the data. Theyer comparison to experimental results. From the Tunneling
small sizes of the Vycor35 and Vycor36 samples precludeqjogel, the thermal conductivity of an amorphous solid be-

their use in internal friction measurements. low 1 K varies asT? due to phonon scattering from TLS:
In an experiment, the internal friction of the compound

oscillator consisting of sample and transdud®g,, is di- I3T2
rectly measured; the internal friction of the samp@;,*, A(T)= PTs _( av_‘Y) (4)
can be determined from 67h2P 2

a

fo

3, the transverse speeds of sound for Wcor35 and VWcor36 (50)
Ug S_

c(The resonant frequency of the compound oscillator with -
cor29 mounted was 88.3 kHz at room temperature, a 2%
shift from the 90 kHz resonant frequency of the quartz trans-
ducer with no sample mountedhe transverse sound veloc-
etermined from the resonant frequency of the compound

(p—mass densityp—sound velocity;y—coupling of TLS

to phonons;a—transverse or longitudinal phonon mode
Qo (20 The expression may be simplified using the following em-

pirical relationé which have been found to hold for many

amorphous solids:

wherel; andl are the moments of inertia of the transducer

and sample, respectively, relative to the torsion axis along v=1.6%; and 7,2:2.5%2, (5)

the length of the composite oscillator, ands an empirical

factor used to account for the finite thickness of the BeCuvhere the subscriptsand| refer to transverse and longitu-
pedesta| @~006) _59'60 The Change in transverse sound Ve-dinal phonon mOdeS, respectively. In this Work, the fOIIOWing
|0city of \/ycorzg was Simu|taneous|y measured by monitor_exprESSion is used to fit the data in order to extract the prEf'
ing the shift in resonant frequency of the compoundactor B, and the value of the tunneling streng@,

oscillator®® =pylpv?:

Qs'=

|
(1+a)—+1
I's
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The tunneling strength also may be determined from the _-
internal friction, which is a measure of the energy lost per .
oscillation cycle relative to the mechanical energy stored per -
cycle. The Tunneling Model prediction for the internal fric-
tion takes on simple closed form expressions in two limiting
cases of interest. In the extreme low-temperature limit, the
maximum relaxation rate;, 5, of the TLS is small relative to
the frequency of the applied strain oscillatiomﬁ,éﬁw. As
a result, the TLS are too slow to respond to the oscillating
strain field, and their contribution to the internal friction
drops asT® with decreasing temperatuf® At higher tem- temperature (K)
peratures, where the TLS relax quickly enough to reach equi-
librium on the time scale of an oscillation;,>> o, the
internal friction is constant:

tion, Q

Aerogels:

IC
w

~
DY
o

internal fr

~——SuprasilW VoS

-|IIIII

0.1 1 10 100

FIG. 4. Internal friction of Wcor29(this work), Suprasil W
(Refs. 57 and 6fand two high-porosity aerogel samplé&ef. 68.
Both Wcor29 and Suprasil W were measured in torsion using a

4 composite oscillator technique with an excitation frequency of

3
T
Qflzg_GCt T_} (T<Teo) (7) ~66 kHz (Suprasil W and ~88 kHz (Wcor29). The aerogel
co samples were measured in flexure at 3.4 ktderogel60 and
1.0 kHz (aerogel88 (Ref. 68. In the plateau region where the in-
- o . - 3
——¢, (T>Te), ®) temal2 frl(;tlon §cales dl_regtly with the tunneling streng® .
2 =P~v“/pv*, the internal friction of Wcor29, aerogel, and Suprasil

W differ by less than a factor of 2 despite significant differences in

whereC, is the tunneling strengthl;, indicates the cross- the structures of the materials. Solid lines indicate Tunneling Model

over temperature between the two limiting regimes, i.e., th(?its 0 the data, withT .= 47 mK for Wcor29 andr,,=84 mK for

tempgrature at which the maximum rglaxation ra’Fe of theSuprasiI W. The dashed line through the Wcor29 data is a Tunnel-
TLS is equal to the frequency at which the oscillator Ising Model fit using the valuf .,=40 mK derived from the speed

driven: of sound data, indicating the consistency of parameters derived
3 from both types of measurements.
4
2mphw
Teo=| — 71| - © s s
R e note, however, that VanCleet al”” and Classeet al.
8kg| 5 +2— have found that in many cases no single choice of parameters
vl Ut fits both Sv/v and Q™! in all temperature regions equally

In order to extract the tunneling strengfh, we fit the in-  Well. In the following, we extract values foy; from both

ternal friction data to a constant value over the temperaturénternal friction and speed of sound data, keeping in mind the

independent “plateau” regiofEq. (8)]. In addition, the Preceding cautionary statement.

transverse coupling between TLS and phonops, can be

calculated frmeCO, whic_:h is extracted by fi_tting the data to IV. RESULTS

a full numerical evaluatioti'®* of the Tunneling Model pre-

diction. In the fit, T, is the only adjustable parameter along  The internal friction of porous Wcor29 is typical of amor-

the temperature axis; Eq¢5) are used to expresE,, in  phous solids, as illustrated in Fig. 4 by a comparison with

terms of transverse quantities. bulk a-SiO, (labeled “Suprasil W’). For both materials
The presence of TLS also affects the variation of soundhere are broad peaks above 10 K which have been explained

speed in amorphous solids, with Tunneling Model predicthrough thermally activated processes. In this temperature

tions given by region, the internal friction does not exhibit universal behav-

ior and there is significant variation between amorphous

v VU T solids® Below ~10 K, where TLS are believed to domi-
Vo Ve =Cin T, (T<Teo) (10 nate, both materials show the characteristic plateau region

followed by a drop-off at the lowest temperatures where the
ov —-C, [T maximum relaxation rate of the TLS becomes smaller than
v 2 In T_o) (T>Teo). (1D the frequency of the oscillating strain field.

The variation in sound speed for Wcor29 is also found to
Herev,, is the velocity at an arbitrary reference temperaturebe consistent with the behavior expected for bulk amorphous
T, (not to be confused with the crossover temperafyg. solids (Fig. 5). Data belov 1 K for Vycor29 and Suprasil W
According to the Tunneling Model, the values for the tunnel-both exhibit a characteristic maximum at the crossover be-
ing strengthC, and the coupling constant, extracted from tween the low-temperature data of positive slpge. (10)]
internal friction and speed of sound data should be identicaland the higher-temperature data of negative s|&ue (11)].
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fit leads to the same deviation from the data above the peak
that is well known in bulk glasses, as, for example, shown by
the Suprasil W fit in Fig. 5. Slightly different values fot,,
were derived from the variation in sound speed data as com-
pared to the internal friction datd,.,=40 mK for the f

‘:C_> =88-kHz Wcor29 dataT.,=360 mK for thef=20-MHz

x 2 7] Wecor29 data; and ;,=80 mK for Suprasil W. Two values

§ (20 MHz) of v, are listed for botha-SiO, and Wcor29 in Table I, the

© -4 ¥ ] first of which is derived from the internal friction and the

second(in parenthesgsfrom the speed of sound variation.
As a demonstration of the consistency between parameters
derived from the two types of experiments, the dashed line

(88 kHz) @

through the Wcor29 data in Fig. 4 indicates the Tunneling
Model prediction for the internal friction using thg , value
derived from the speed of sound data. The aerogel6GHata
included in Fig. 5 do not exhibit a maximum within the
temperature range of the measurement, indicating that the
maximum has been shifted to even lower temperature; the

S | |
1 L1 1 1.1 1 1 1 L1 11
3 4 5678 2 3 4 5878
0.1 1
temperature (K)

FIG. 5. Relative change in speed of sound for VWco(fttis
work; f=88 kHz) and Suprasil ef. 67;,f=66 kHz) measured . . - -
in torsion: high p)orosity agrogel\ggef. 68:f=3.4 kHz)) measured decrease in sound velputy aboVe-0.1 K is characteristic
in flexure; and Wcor29Ref. 41;f=20 MHz) from transverse ul- of bulk amorphous SO“d_S'_ . .
trasound measurements. The relative change in speed of sound for 1h€ thermal conductivities of the larger porosity Vycor
porous Wcor29 is qualitatively similar to bul-SiO,, with both ~ Samples, Wcor35 and Wcor36, shown in Fig. 6, are also
materials exhibiting a characteristic peak below 1 K. The data ar&/€ry similar to bulka-SiO, below 0.3 K in the temperature
well fit by the Tunneling Model(solid lineg in the temperature region where phonon scattering from TLS dominates in
region below the peak where the best agreement is typically foun@-SiO,. Fits of the formA (T) = 8,T? [Eq. (6)] were made to
between internal friction and variation in sound speed data. For théhe data for bulla-SiO, and all Viycor samples below 0.3 K,
low-frequency data, the shift in peak position to lower temperaturdfrom which the values foi3, listed in Table Il were ex-
for Wcor29 compared to Suprasil W indicates the lower cross-ovetracted.(Two values listed for Vcor29 correspond to the two
temperature T, in Wcor29 (T,,=40 mK for Weor29; T.,  differing datasets of T&it’ and Stepherf$ for data below 1
=80 mK for Suprasil W due to its smaller mass density and sound K.) Since the larger porosity Wcor samples were too small to
velocity. Although the aerogel60 data do not reach a low enougtherform internal friction measurements and directly extract
temperature to reveal the poss_ible existence of a pee_tk, the logaritiphe tunneling strength, the thermal-conductivity data in con-
mic temperature dependence in the regions0lZ1 K is charac-  jynction with sound speed estimates were used to estimate
teristic of bulk_am_orphous solidunneling Model fit to aerogel60 the tunneling strengths in Wcor35 and Wcor36. Using the
data(dashed lingis from Ref. 6§. B, values from the fits and transverse sound velocities listed

in Table I, tunneling strengths were derived, as listed in Table
The shift of the peak to lower temperature in Vcor29 Il under the headin@, . The larger value of the tunneling
(88 kHz data compared to Suprasil W reflects the lower strength derived from the thermal conductivity as compared
cross-over temperaturé;, in Wcor29 due to its smaller to the internal friction for Wcor29 leads us to believe that
mass density and sound velocity (=40 mK for Wcor29 the values ofC, derived for Wcor35 and VWcor36 are, if
vs 80 mK for Suprasil W. Unfortunately, no data therefore anything, overestimates.
exist below the peak which, however, is clearly indicated.
Since the location of the peak scales with frequefigy.
(9)], high-frequency 20-MHz data by Beamigh al*! re-
solve the peak more clearly, and are shown in Fig. 5 for Without referring to any models, some simple observa-
comparison. The transverse speed of sound for Vcor29 at 7ns may be made. The internal friction, sound speed varia-
K, as determined from the resonant frequency of the comtion, and thermal conductivity of porous Vycor and bulk
posite oscillator, is found to be,=2.14<10° cm/s (see  a-SiO, are nearly identical at low temperatures. Equally re-
Table | and Sec. )I markable, similar statements may be made for aerogel

Tunneling Model fits to the internal friction and variation samples with porosities as large as 88%: The magnitude of
in sound speed data for VWcor29 and Suprasil W are showihe internal friction of the aerogel samples is the same as for
by solid and dashed lines in Figs. 4 and 5. Best fits to thdulk a-SiO, to within a factor of 2; the thermal conductivity
internal friction data yieldl;,=47 mK for the Wcor29 data approaches that dd-SiO, at the lowest temperatures; and
and T.,=84 mK for Suprasil W(note thatT,, is the only  the variation in sound speed is similar in the aerogels and
free parameter along the temperature Jax@ince no data bulk a-SiO,.
exist below the maximum for the 88 kHz \Wcor29 sound A Tunneling Model analysis of the thermal-conductivity
speed data, the tunneling strength derived from the intern@nd internal friction data indicates that the tunneling
friction was used in the Tunneling Model fit arid, was  strengthsC=Py?/pv? of the porous materials are well
treated as a free parameter. It is encouraging to note that thvgithin the range typically found for bulk amorphous solids,

V. DISCUSSION
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TABLE II. Results of Tunneling Model fits to internal friction, variation in sound speed, and thermal-
conductivity data. The subscripts @b=Py?/pv? refer to values determined from internal fricticp 2,
variation in sound speedd(/v) and thermal-conductivity ) measurements3, is the prefactor in the
expression for th@? thermal conductivity Eq. (6)]; 7, is the coupling of TLS to transverse phonoRsis the
spectral density of TLS; ang is the mass density. Of the two values listed in the colummnyforthe first is
derived fromQ ! data and the second frofiv/v data(value in parenthesgsSee Table | for information on
sample nomenclature.

Material Cot  Can Cy Bo Yt P P

(1004 (10°% (1004 (10*Wem tK?d) (eVv) (104 J tm™9) (1@8;#19’1)

a-Sio, 312 31 3.0 3.0 0.9(1.2° 4.7 2.8
Weor4® 3.0

Sol-gel19 5

Weor2d? 55 6.0, 9.6 1.73, 2.58 0.51(0.65 6.0 3.8
Weor2d 2.3 (0.37

Wcor35 8.7 1.86

Wcor36 10 1.63

Aerogel6 3.0 2.8
Aerogel8d 4.9 3.9

®Reference 67. The tunneling strength derived from dbé data was obtained from a fit below the low-
temperature peak idv/v, where the best agreement is typically found between values derived@rom
and dv/v data; see Ref. 59.
bReferences 66 and 69.

‘Reference 66.

dDetermined from a fit to th€ ~* data; see Eqg7) and(8).

*Reference 41.

'Reference 30.

9Material measured in this study: Corning Code 7930.

RSince the two thermal-conductivity datasets for Vycor29 weloK do notagree in the region of overlap, a
value corresponding to each dataset is listed.

'Determined from a fit to th€ ! data usingT,=47 mK; see Eqs(7) and(8).

IListed values are from our Tunneling Model fits to data from Ref. 41.

KReferences 34 and 68. The tunneling strengths derived from the agtogetiata were obtained from fits
above the low temperature peakdn/v where the slope is typically larger than predicted by the Tunneling
Model (see Fig. 5. Consequently, the actual tunneling strengths are most likely smaller than the values listed
underCy,,, for the aerogels.

as shown in Fig. 7. The pairs of horizontal lines in the figureoccupied by voids. The spectral density per unit mass is
indicate the range of tunneling strengths and elastic modukimilar in Vycor29 and bulla-SiO, (see Table ).
for 47 bulk amorphous solids,determined from the excita- Considered together, data on bulk and porous amorphous
tion of transverse(pair of solid lines and longitudinal solids reveal the central result of this study—that the tunnel-
(dashed linesphonons. For all bulk amorphous solids mea-ing strength is not only independent of variations in the com-
sured to date, the tunneling strengths are grouped within theosition and chemical bonding of materials but is indepen-
range 5<10 4<C=103, indicating that the tunneling dent of their microscopic structure as well. Studies of the
strength is insensitive to chemical composition and bondingporous silicas show that the tunneling strength is insensitive
By solely changing theporosity of one glass, the porous to the porosity and microscopic structure of a material with
silica data shown in Fig. 7 spaiand for one sample, even fixed chemical composition, even under circumstances when
excee(l the entire range of elastic moduli previously covered88% of the bulk material has been removed. Since removal
by varying thechemical compositiomf amorphous solids, of the majority of a bulk material should affect interactions,
yet the tunneling strengths still fall within the same universalif they exist, we conclude that we find no evidence of inter-
range. actions from the porous silica data.

The internal friction and speed of sound data for Wcor29 A second conclusion can be drawn from the studies on the
also allow us to extract the coupling constarand the spec- porous silicas: The coupling constapappears to scale with

tral densityE a|ong with the same quantity expressed perSOUnd SpQEd. This can be seen from the fact that the tunnel-

unit mass,P/p, which is a more relevant quantity for a po- ing strengthC=P?/pv? is essentially constant for the po-
rous material in which a significant fraction of the volume is rous silicas. For Wcor29, the quantiB/p is approximately
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IIII LI | IIIIIII LI | IIIIIII LI | IIIIIII T I..I.llll. _IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII 1 L=
10 F E i Vycor36 -
: a-Si0, —a I 2
e B . _%-, 1w —f========-- =
V._:c oL i 5 C A Vycor35 .o<—Vycor29 a- SIOzf
§ 2 1 @ \ ’
= F 3 @ - aerogel88 .
= i i = 10 aerogel60 -Si0,
> c 3 =
£ ) 3 sol-gel19 Vycor4 3
2 10t 3 E F 9 e 3
o 3 - .
=] . L ]
-g T -|IIIII| L L IIIIIII L L IIIIIII 1 1 IIIIIII L L
8 ] 8 9 10 1
© 10° - 10 10" 10 10
£ E pv' (Pa)
2 . _
= . FIG. 7. A comparison of the tunneling strendgth= Py?/pv? of
10° = bulk a-Si0O, and porous silica samples. The figure includes data
IR EETTT| R R R TTT| B AR ETTT . A W AT extracted from internal friction measuremefttseasured in torsion
0.1 1 10 100 for a-SiO, (Ref. 69 and Wcor29, open circles; and in flexure for
temperature (K) the aerogelgRef. 68 and a-SiO,, (Refs. 69 and 6f open tri-
angles and from thermal-conductivity measurements for Wcor35,
FIG. 6. Thermal conductivity of high porosity Wcor samples Wcor36, sol-gell9(Ref. 30, anda-SiO, [Refs. 66 and 69solid
(this work) compared to bulla-SiO, (Ref. 66. The thermal con-  circles]. Also included is the tunneling strength@fSiO, (Ref. 69

ductivities ofa-SiO, and the Wcor samples are the same to within derived from the excitation of longitudinal wavésolid triangle

a factor of 2 in the temperature region below 0.3 K where scatteringind the tunneling strengths for two Vycor samplBef. 41 (open

of phonons by TLS dominates. Lines indicaf? fits to the data, squares; see also Table) iderived from the relative changes in
with prefactors listed in Table II. sound speed data fit below tide/v peak. All values fall within the
range spanned by the majority of bulk amorphous solids measured
. . - to date(Ref. 69, indicated by the pairs of horizontal lines for tun-
the same as forEqu-SIOZ, for the remaining porous silicas neling strengths derived from the excitation of transve(said

we assume thaP/p is independent of porosityif strain-  |ineg and longitudinaldashed linesphonons(the lines have been
mediated interactions between TLS are responsible for thslightly offset for clarity. The striking observation is that materials

magnitude of the spectral dens@[p would be expected to With elastic moduli spanning three orders of magnitude have nearly
either remain constant or tmcreasein porous materials identical tunneling strengths.
where a fraction of the material has been removed, allowing

the TLS to become more mobjleSince C=P?/pv? and

P/p are essentially independent of porosity, and the speed o ' ' ' ' ' ' R
sound decreases with increasing porosity, the coupling be 19 T
tween TLS and phonong, must also decrease with increas- /
ing porosity. In other words, the coupling constant and the ©s8} a-Sio, 1
speed of sound scale with each other. The scaling is reasor /
able: materials with larger speeds of sound—i.e., stiffer< o6l i i
materials—have stronger intermolecular coupling. Since theZ sa— Vycor29 (88 kHz)
TLS are most likely groups of atoms or molecules, stronger™ 0al Aerogels: Vy00r29 (20 MHz) |
intermolecular coupling implies stronger TLS-phonon cou-
pling as well. The scaling is also consistent with what has 84 /

. . . o2l i
been seen in bulk amorphous solids. Berret and Meiésner **[gg e PMMA
have found that for a sampling of 18 bulk amorphous solids, A ‘\a de
¥? is proportional to the elastic modulus. In Fig. 8 we plot a 0‘0-(-) - . : n L 4

few representative data points considered by Berret anc
Meissner(solid circles: transverse phonons; solid triangles:
longitudinal phononsalong with our data for Wcor2%*,

88 kHz) and our predictions for the longitudinal coupling fun
constants in the aerogelspen triangles [for the aerogel

predictions, we use values for bulb-SiO,, P/p=2.2
x10°8 3 1g ! (see Table l andy,=1.04 eV(see Ref. 7).

sound velocity (105 cm/s)

FIG. 8. Coupling constany between TLS and phonons as a
ction of sound speed for the excitation of longitudinal,(A)

and transverse@®, *) phonon modes. Representative data for bulk
samples, from Ref. 7, indicate that the coupling constant tends to
increase with increasing sound speed. Here we include data for
The Coupllng constant estimates aye=0.33 eV for aero- porous Wcor29*; 20-MHz value is from our fit to data in Ref. 41
gel60; y,=0.14 eV for aerogel84; and,=0.076 eV for and predictions for the aerogel samples)(based upon our con-
aerogel88. It would be interesting to perform low- clusion thatP/p is independent of porositfsee text
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temperature internal friction measurements of the aerogels tdue to surface states that are weakly coupled to phonons. In
determine the coupling constants in those materials and taddition, thermal and elastic measurements on porous silicas
clarify the relation between sound speed and TLS-phonoffiorce upon us a conclusion not presently addressed by the
coupling. theory: the coupling between TLS and phonons appears to
scale with sound speed.
VI. SUMMARY

Despite significant alterations to their microscopic struc-
ture, leading to changes in the elastic modulus spanning
roughly a factor 18, extremely porous materials such as The authors would like to thank H. J. Maris for supplying
Wecor, sol-gel, and aerogel have TLS that behave amazinglthe Wcor35 and Wcor36 samples and R. D. Merithew for
like those in bulk amorphous solids. Internal friction, soundhis help with the figures and with fits to the speed of sound
speed, and thermal-conductivity data indicate that the tunnedata. This work was supported by the Cornell Center for
ing strengths of the porous materials are within the universaMaterials ResearciCCMR), a Materials Research Science
range found for all bulk amorphous solids, indicating that theand Engineering Center of the National Science Foundation
tunneling strength is insensitive to alterations of the micro{Grant No. DMR-007999R The financial support by the Na-
scopic structure for materials of fixed chemical compositiontional Science Foundation, Grant No. DMR 9115891, is
The internal friction, sound speed, and thermal-conductivitygratefully acknowledged. In addition, S.W. gratefully ac-
data for the porous silicas show no evidence of interactionknowledges the institutional and financial support of Middle-
between TLS. The specific heats of the porous materials arfgury College and the National Science Foundati@rant
significantly enhanced compared to bal&iO,, most likely ~ No. DMR-0074930 while preparing this document.
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