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- In the past several years there has beengp intensive effort to understand

the properties of amorphous dielectrics below 1 K. At these low temperatures

thermal'phenomené should be dominated by the properties of long wave length

elastic waves which are well understood. Wavelengths A of thermal vibrations

can be found from hv = kT and VA = v where v, the sound velocity is a few

. thousand meters per second. Thus below 1 K, A " 1000 R. Since this is much

larger than microscopic disorder there-.should be little difference between
the thermal properties of amorphous and crystaliine dielectrics. Experimen-
tally there is great regularity in the behavior of a particular thermal prop-
erty for all amorphous dielectrics;but this behavior is vefy different than
that for crystalline dielectrics. - For example, the specific heat ¢ of amor-
phous..dielectrics plotted as c/T vs T? is shown in Fig. 1 below 0.7 K. 1In
general the'specific heat ¢ can be fit to

c=c,T+c,T? (1)
vhere ¢; =1 - 5 x 107%J gm™!' K72 and c3 1s larger than is expected from
acoustic measurements. The thermal conductiyity A of a variety of amorphous
dielectrics as a function of temperaturel’2 is shown on Fig. 2. Below 1 K,

A = ard (2)

where § = 1.9 % .1 and A= 3 x 107" W em™! K™! within a factor of three for

all the materials. Around 10 X, there is a plateau where A = 1073 W em™?

K~! within a factor of 2 for all substances. . This is in marked contrast to
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the btehavior of.cfystalline dielectrics which follow a T2 dependence below '
-1 K and the addition of a few parts per million of an impurity decreases
the thermal conduétivity by two orders of magnitude.3

‘Anomalous behavior has also been noted for amofphous dielectrics in
measurgments of acoustic attenuation" and velocitys, dielectric constants,
‘thermal expaﬁsion7, nuclear magnetic resonance® and optical properties.9

A number of models have been proposed to explain tﬁese results.!? We
will concentrgte/on one which invokes systems(having-very few levels.'!

Thé connection between these sfstems aﬁd the natﬁre.of the glass&'state is
not known.

-In this paper we show that (a).specific heat measurements above 0.1 K
indicate a distfiﬁﬁtibn of local modes independent of energy; (b) ultrasonic
attenuation measurements at low<powefs indicate that the local modé systems
can have at most a few_levels; {c) ultrasonic velocity measurements give
. information about phonon—lqcal“mode coupling pafameters; (d) -the measured
thermal'conductivity agrees with‘that calculated from the above inférmation
assuming that the energy independent distribution of‘modes.observedvin the
specific heat is responsible for phonon scattering; (e) thermal expaﬁSiBnn
» and.far infrared experiments indiqate a phonon assisted tunneling model;

(f) several experiments, however, indicéfe that the ﬁéaeé obsefvea in the
specific heat measurements may not all scatter phonons.
SPECIFIC HEAT

JThe‘épeéific heat of a sblid is calculated from fhe temperature deriﬁa-

‘tive of the internal energy vwhich can be expressed as an intégral of the

product of the energy € of the mode contributing, the number of such modes

:per'uhit'energy n(e), the probability that the mode is occupied f(e/kT):



e
U=[."¢n(e) fle/kT) ae S (3)

The upper limit of integration is usually determined by the condition

. that the sum of the density of states is the total number of those modes

?1 in the solid

. .
7’1 = [ ® n(e)ace (W)
o : -
However since the distribution functions approach zero rapidly when
kT << g, little error is made in replacing €n by infinity in Eq. 3 when
the low temperature behavior is of interest. Thus

U= Gr)? [T n(e) x £(x)ax, | (5)

- where x = €/kT. If

n(e) = z.nqeq (6)

"the low ‘temperature dependence of U depends on T2+qzand the'specifié’heat

is proportional to ™% since ¢ « du/daT.
The specifié heats of solids below room temperature have been explained

by the Debye theorylé in which the theory for blackbody radiation developed

by Planck is applied to elastic waves in homogeneous isotropic solids mot

nécessarily erystals. The number of states per unit energy is proportional
to €2 so that at low témperatures when the wavelength of the elastic:ﬁave
is much longer than the microscope disorder of the materisal, the gpecific

heat ¢ depends upon the absolute temperature cubed

c = ¢ - 1671'5‘1{“ l (7)
T3 3,D B3 pve
where plis the density of the material and v is an average velocity of

sound

AT+ . (8)




Here 2 and t refer to the longitudinal and transverse polarizations respec-
tively. As shown, below 1 K, X > 1000 -A; ‘thus ‘the specific heat of any
material should be proportional to T® below 1 K, the magnitude depends -
>upon'the'velocity of sound and the density of the material. We have
avoided the’common formulation'uSing the Debye temperature 6 because of
ambiguities in defining § for polyatomic noncrystalline solids.!?®

 A plot of c/T3 versus T is shown on Fig. 3 for cryétalline quarfz.
The results ére typical for a‘large;variety of'crystalline«materials,‘in
which the calérimetrically measured spécific heét:is accurately determined
by sound velocity nmeasurements through Eé. T. For crystallineﬂquartzl“
/T =55x107" Ws gn ! K™ and v = L. x 105 em s-L,

‘Data. for the Spebific'heat of vitreous silical®, also plotted on
Fig, 3,‘ére'typical for a great variéty of amorphdus solids.’
Above 1 KX, c/T3 has .a hump which was. attributed to discrete oscillations
vhich could be identified from prominent peaks in the Raman spectrum.ls'
More recently the specific heat of crystobolitels, a crystalline form of
silica, wés foﬁnd'£§ &éfy igjthé'Same}WayJas vitreous siliea. . Neutron

-

diffraction studies show aAlow frequency transverse acoustic mode.}’ In
analbgy with the more cohplex.neutron diffraction and specific“héét‘stuaies\
of Ge02,'® it is argued that the hump in c/T? above 1 X is due‘to a mod-
ificatioﬁ of the crystalline density of states. An indication of the
universa;ity of an increased density of low frequency states in amorphous
solids comes from-electron tunneling experiments in amorphous metal films.!®

There is much ihteresting science to be learned in trying to explain the

hump in: ¢/T? above 1 K, and to correlate it with data on thermal expansion,




internal friction, dielectric constant, nuclear magnetic resonance and

optical spectroscopy experiments. However, we turn out éttention to
thé‘temperature rénge below 1 K.

Below 1 K the deviation of the specific heat from the Debye value
increases until below 0.2 K the calorimetrically measured specific heat -
is more than an order of magnitude greater than the Debye prediétion.

As shown in Fig., l.these data are typical for gll amorphous materials

end can be described in Eq._l with ¢3 > ¢ Thus;as shown in Fig. k4

. 3,D.
from Eq. 6
= 1 .2 ' :
| n(e) = n_ + (n,' + nQ’D)e (9)
where N, o is the Debye distribution of states. The coefficient né”implies
9 .

that some nuiber of étates per unit energy is'indepeﬁdént of ehergy. The
value for n; depends upon the model chosen but seems to have a value in
the range of & - 25 x 102 erg™! cm™® or about 107 em™? up to 1.5 K.

The models to explain these effects fall into two classes, One
depends on lack of long range order mainly through variations in density.lo
These models are attractive because a crystalline solid should have a more
-uniform density than an amorphouS'one; However, the theories usually in-
volve parameters vhich are not easily experimentally accessible, The other
group of models invoke a distribution of localized modes.!? df these the
-oﬁe receiving the most attention is the phonon-assisted tunneling model. !
In this model it is assumed that because of the morphology of the system‘a
group of atoms may have more than one equilibrium position which does not
necessarily significantly iﬁcreaSe the internal energy of the system. At -

low temperature the atoms do not have enough energy to surmount the barriers




between configurations and they tunnel from one configuration to the

other with the small energy difference made up»by lattiéé vibrations.

.'In.itslsimplest‘fdrmnonevcan.ignone the tﬁnneling‘asPect‘of the model

and just assume a local density of modes having a.few discrete levels.

Evidence for this model comes from ultrasonic attenuation experiments.
ULTRASONIC EXPERIMENTS

‘The attenuation of gigahertz sound waves is plotted in Fig. 5 as a
function of power level parametrized by frequency.“ Af very low povers
tﬁe attenuation is constant. .As the bower is increased over a few orders
‘'of magnitude the attenuation decreases and the mean free.path-increasés
‘by &n -order of magnitude. This deéréase”dn'aﬁteﬁuétidn‘can:bélexpluinéﬁql
if the local ﬁodes afe assumed to cqﬁSist of very ‘few levels so that at
higher powers the populations of the levels can be equalized leading to
no net energy remgvgd from the uwltrasonic vave . ThuS«theimeén_free path
increases. This is the same process as éaturating a nuclear magnetic
resonance signal.

The calculation for the acoustic attenuation of phonons resonantly
scattered by local mode systems is vefy similar to the calculation of
resonance absorption in the case of dielectric or_anelastic relgxation.
In our case, at low'ﬁéﬁers; the acoustic beam éausés ﬁeriodic deformations
of the two level system which perturbs the energy of the system. (For
ease a two level system is considered rather that a few level system.)
The periodic perturbation céﬁsesifransitidns.as outlined in quantum

mechanics:18

Bl e, o




-The matrix element is given by:

Hw

1
2pc2)E M, (11)

Hij.= (

where M is the coupling energy between the phonon and the two level

system, The,density of ‘available states p(w) for a two level system is

I tanh 5%%&. The inverse mean free path is 27! = (tv)”?! so that
. : 2 : .
™ Mv £,
-1 o 4w
- Zhw 12
25 v w tanh 5 . (12)

vhere the subscript v refers té the bolarization of the sound wave,
Even'gt'these low temperatures for gigahertz.ultrasonic experiments
hw << XT so that 27! « 9% . The w? dependence is seen in Fig. 5 and
in Fig. 6 we see that"l;1 « 7.7 gt low temperatures and only'for power
levels below 10'7qw/¢m2.

The above diécussion assumes that the occupation number of the levels
is independent of the sound wave amplitude and depends only upon thermal

excitations. Those conditions obtain only at low power levels. At higher

powers transitions to the upper state occur at a faster»rate than decays

"to the lower state, effectively saturating the two level system and leading

to increased mean free paths.

11 phe sound wave

‘There is, however, a competing relaxation mechanism.
compresses part of the solid and expands other parts. The two level systems

attempt to maintain thermal equilibrium with their surroundings by exchang-

' ing'energy irreversibly with the sound wave. This process does not saturate

and in the.low temperature limit the inverse mean free path is proportional
to' T3 and independent of frequency. This explains the curves in Fig. 6.

The same authors have measured the vériation in longitudinally and

traversely polarized-sound velocity5 as a function of frequency and tem-




perature using powers of 10~ ° W/ cm?. Their results for Av/v x 10" are
shown in Fig. T. Alsotshown is -the “behavior of a.quartz crystal in
which Av/v = 0. Using the Kramers-Kronig relation the variation of the

sound velocity can be related to the.sound.absorption a:

Avy _ _ ® c a(w'T)-alw' T,) '
("V'v =P fo dw! 3 w? - w'zJL ? (13)
and )
| %1% K
S o _hw
a,@T) = m 5T W tanh Zm . (1k)
v
Therefore 2
Av '_ nDM\)l T :
(—;'v = 5;?7—'2n T o (15)
v o

- where To is & reference temperature. The decreasing part of thé Av/v curve’
can be obtained'f;om the relaxation described above. The Quahtity'nonz
is'the coupling betwéen thélsound wave and the two level systems noMkz'

n 2,6 x 10° erg cm *and AOME N 1.2 x 10% erg cm ’ for borosilicate glass.

-1

From specific heat experiments n, = 8 x 10732 erg = c¢m 3, therefore Ml v

.35 eV and M, = .24 eV, That is longitudinal and transverse phonons

t
.c§uple equally well to the two level systems. - Results for silica are

: very similar. ThiS'largé value of the deformation potential also means
a‘large Gruneisen parameter.

The change in velocity of light in silica and borosilicate glasses
was detérmined6 through meﬁéurement of’the'temperaturé dependence of the di-
- electric constant by monitoring the shift in resonance frequency of a
microwave cavity partially filled with the sample. The results are similar
to_the above with a bigger differeﬁce beﬁween borosilicatevand Si0; glasses

as shown on Fig. 8. The relevant parameter is n°;3- where p is the dipolé

moment. Using n, from specific heat experiments, p is'about 0.3 D for



.Sioz and'D,66 D for,borqsilicate glass assuming the same value for ny.
- It appeﬁrs thatvdifferentﬂunits}are responsible  for the-motion in eéch
of these materials: Since a Debye wnit is 107 '% esu cm, 0.3 D corres-
ponds to one electronicréharge moving 0.06 A. Thus the low value of the
dipole moment precludes the motion ofvsingle atoms for which p would be
higher. |
 THERMAL CONDUCTIVITY
In gene;al the thermal conductivity caﬁ be expressed in the kinetic
férm by .
K =3 fe(@v(w)b(w)a | | (16)
where c(w)ii§ the specific pér unit frequency range for those modes “which
' .have a. group velbéity'v(w). Those which have a zero ‘group velocity become
‘scattering mechanisms which decrease 2(w). The two level systems have no
group velocity thus we use the Debye expression for .c{w) and the mean free

9

path as'calculated-from ultrasonic measurements.’ At the low temperatures

we only need the resonant scattering. In this case

k37?2 vy % Lo x3eX(e*+1)
A= Bl (o5 + 2 =55) [
6m3R2 . noM, nM, 0 (¢X_1)3

ax . . (17)

All the quantities are known and the integral is jﬁst a number. At 0.2,

.X = 1,1 x 10° W/cm K and Zaitlen and Anderson'!® find 9 x 107° W/ em K for
borosilicate glass.l They also find that they can reproducg the entire

. thérmal conduqtivity curve including the plateau at 10 X if they use the
non-resonant scattering and let n(g) = n, + nééz as required by the specific
heat measurements. Their results for 810, and borosilicate glass are quite

. good. For the polymer polymethyl methacrylate (PMMA) and for GeO, their

results are not as encouraging.
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Thus, all.these exﬁeriﬁénts,,the specific heat, ultrasonic attenuation,
sound velocity, dielectriq cohstant and thermal conductivity éppear'to be
explaingd by a uniform di;tribufion of twovlevel systems.

| " THERMAL EXPANSION

The original models for these systems ascribed the two levels to
phonon assisted tunneling between two cdnfigurations of groups of atoms

1

having about the same energy.1 TheAenergy separation of the two levels

was € = /577:-55' whereiO is the'tunnel splitting for the symmetfic case
| b, = 12 /57T &™° | (18)

where 0 = vV d and hf & 1072 eV and € is the energy difference between the
-érouhd states of the éwo wells. These quantities are defined in the inset
of Fig. 9. Up to-aow we have not needed any property of the tunneling to
explain the results.

Recently White’ has measured the linear thermal expansion o of 5iO,
down to 1.5 K and finds that - a/T?® increases dramatically at the lowest

temperatures as shown in Fig. 9. Similar preliminary measurements have

been performed on PMMA and in that case + o/T® increases at low temper-

20

ature. The thermal ‘expansion is related "to the specific heat by a =
Ycp/3B where B is the bulk modulus, p is the density and y the Gruneisen

parameter. Yy is defined by

(19)

For Si0,, Y is about -L0O and for PMMA, Y is about +40 where ¢ = ¢,T only.
One can explain the large positive Gruneisen'parameters for PMMA by

noticing that as the femperature decreases the wells come closer together.




" Thus both V and d decrease sllghtly, but the tunneling frequency 1ncreases

steeply because V and 4 appear in the exponent. The same explanation
suffices for 5i0, because when the temperature is lowered the 5i0, lattice
expands. Thus fhe wells get further apart and the tunneling frequency
decreases and a/T3 becomes more negative. Siﬁilar large expansion coeffi-
' cietits ‘were found for OH doped NaCl in which it is known that the OH

21 How-

tunneled between equivalént potential minima in the C1 vacancy.
ever, in our case a two level sysfem would suffice if the level spacing
somehow deﬁeﬁded upon the distance between wells.
FAR-INFRARED STUDIES

For several years, Sievers and his students have looked ‘for evidence
of the low energy states in far infrared absorption. Recently, Mon and
Chabal succeeded in measuring the optical absorption in four ambrphous _
materials, GeO,, PMMA and two pieces of 5i0, containing different amounts
of water.’ The data obtained at 4.2 K are shown in Fig, 10. At first
jsight; the spectra show little similarity, and are strongly sample'depen-
dent, as evidenced in curves C and D for Si0O,. It turns out, however,
. that all spectra have a very characteristic temperatureidependence in
common, whiéh is shown in Fig. 11. Mon and Chabal measured the absorp-
fion between 1.2 and 4.2 K, for PMMA even between 0.54 K and 10 K. 1In
their paperg, Mon et al. show that a straightforward description of this
- temperature and frequency dependence can be achieved with a level.diaéram
as shown in Fig. 12b. Each absorbing center consists of three states, two
of which are closely spaced (fﬁw, r v 0.05) relative to the spacing of

the third state (fw). The optical absorption is assumed to take place




only between the states labelled 1 and 2. The temperature and frequency
;dependence results from the.thermal population of the three states. At
low frequenciesA(< 6 cm—l), an increase in temperature causes a decrease

in absorption, since state 2 becomes increasingly more populated, while

at higher frequencies, state 2 remains thermally depopulated. The increase
in aﬁédrption in this frequencyArange results from a'thermal population of
“state.l, out of which the absorption takes place.

The optical absorptién and ﬁhé model'ﬁsed to describe it showé a
great deal of resemblance with that of alkali halide.crystgls;doped with
certain'iméurities known to tunnel between certain equivalent potential
wells within the lattice site they occupy.3 " There the closely spaced
states result from tunneling, while the ﬁidé spacing is caused by oscilla-
tor states. A spectroscopic study of the température'dependeﬁce of atsorp-
tion in several tunnel systems, e.g., KCl: Li, NaCl:0H, has been made by
Kirby et a_l,22 Guided by this similarity, Mon et al. argue that their
uobservationS‘in the amorphous materials result from similar tunneling -and
oscillator states, except that in the'amorphous materials thevsplittings
'Ew (and fﬁw) are spread over a wide frequency range, possibly with a con-
~stant density of states n(e) equal to that derived from the linear specific
heat anomaly discussed earlier. |
Since the oscillator strength of the far infrared transition’ﬁb is not

known, and since it may also be frequency dependent, the optical data
: cann§t be used for an independent determination of the density of states
n(€). In amorphous substances n(€) is therefore usually determined from

specific heat measurements. Figure 4 shows an analysis by Stephens of

12
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In the tunneling

the low temperature specific heat of amorphous.Sioz.
modelllApfoposed to explain the low energy states‘in.glaéses, it is
postulated. that the states observed in specific heat are also responsible
for the phonon scattering. This we want to explore in some detail in
the following.

| THERMAL'CONDUCTIVITY IN AN ELECTRIC FIELD

‘"In an applied electric field E, tunneling defects in crystalline
solids become polarizeda, and hence, their energy splitting will chénge.
Résqnant scattering of phonons by theée states will, consequently, move
to a different.frequency.3‘ Stephens .looked fof a similar effect in
gla.sses.z'3 We have seeh.above that the.thermal conductivity measurement,
as well as the teﬁpefature andﬁfrequeﬁcy dependence of the speced of sound
and the real part of the,dielectfic constant (i.e., the speed of electro-
magnetic waves in the‘medium) can'be interpreted with the assumption of a
constant density of states of the tunneiing defects. The density of-
states derived from specific heat measurements, however, shows a nonlinear
contribution (approximately prbportional to €2) in th¢ frequency range of
‘irnterest for heat condudtién‘below 1 K, See'Fig. 4. Hence, Stephens afgued
as follows: If the density of states of tunneling defects is indeed con-
stant, then an electric field will not altef the density of states n(e,E)
at a certain energy £, since the number of states removed by the field
E will equal that of the states whose frequency will be'changed to € by
"the field. Hence, regardless of the magniﬁude of the dipole moment of
the tunneling defects,Athe thermal conductivity A(T,E) should be field

independent. Stephens measured A(T,E) of a thin plate of silica with and



without an applied field of 10° vqlt/cm; see Fig. 13 and 14. He analyzed

the null effect observed in two ways: Using the dipole moment determined

by ) Schickfus-et al.s, he concluded that the density of the phonon
scattering states had to be constant to within 6% over the range of fre-
quencies carrying the bulk of the heat in the~température range of his

_measurement (0.16 to 1.1 K, corresponding to the range of frequencies

V= w/2r =10 to 7 x 10'° sec™!). In this range, the density of states

obtained from specific heét (see Fig. 4) actually varies by a factor of
two. Alternétively, Stephens could derive an upper limit for the dipole .
" moment assuming that the density of the states which cause the phonon |
scattering was actually given by n(e) determined from the specific heat.
In that case, the'density of states should vary with the applied field,
and hence the absenée of ‘an effect. of E on A could be used to determine
~an upber limit of the dipole moment of the tunneling states. Under this
assumption, Stephens found an upper limit of the dipole moment in SiOzv
of 0.1 D ? 0.02 eA (lécal field corrected), smaller than the value deter-
mined by Schickfus et al.® by a factor of three, andbunreasonabl&
small for tunneling atoms or even silicon oxide molecules.
DENSITY OF STATES FROM SPECIFIC HEAT MEASUREMENTS

The question whether the specific heat density of states n(e) ié

equal to that responsible for the phonon scattering, as postulated in

the tunnelipg model, was also studied by Goubau and Tait.2" Since the

\

~tunneling frequency, and hence the coupling to the lattice should depend

greatly on the barrier height, one of the first predictions of the

11

tunneling model of glasses” " was that the observed specific heat should

1k
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be dependent on the time during which the measurement was performed. For
. short times, only the strongly coupled tuhnéling stafes can take up energy
from the lattice; 'and hehcé thé specific heat shoulq appear'smaller.
Goubap apd Tait were unable to detect such an effect even when the sample
dimensions vere chosen such that the heat could propagate through the
sémple in times of the order 6f 107° sec. Figure 15 showsvfhe data
obtained on polymethyl methacrylaﬁe.’ Although the tunneling model can
probably be modified‘in sﬁch a way as to be brought into agreement with
this result, the explanation of the diécrépancy is probably much simpler,
as will be discussed'néxt. R

In the earlier stuéies.of the specific heat anomaly of amorphous
dieléctrics, no e&idénce was found that it was sample'dependent; Hence,
the theoretical model was designed with the assumption that the anomaly
(as.well as the thermal conductivity)-is independent of the particular
sample. A systematic study by Stephens, howéver, has turned up evidence
that this conclusion was premature, at least as far as the specific heat
25 -

anomaly is concerned. Figure 16 shows the specific heat of amorphous

As, S

255 With increasing sample purity and/or perfection, a Schottky type

"anomaly disappears in As;S,, as does an anomaly beginning below 0.1 K,
leaving an anomaly of the usual form (closed circles). Further care in
producing the samﬁle (chemical purity .and/or physical perfection?), how-
ever, makes this anomaly shrink by ﬁore than a factor of two (open circle;).
The thermal éonductivity of the latter two samples, however, diféers by
less than 20% (and even this difference is believed to be the result of

25).

~the poor definition of the geometry of the sample Similar results




were found for B,0, 2:%:2% and the ionic glass Cak (v0,), 2°. In these

.glasses, a reduction of the anomalous specific heat resulted in zero
change of the thermal conductivity. Consequently, the entire removable
portion of the specific heat anomaly apparently does not scatfer phonons.
Whéther all or at least part of the excitations causing the.excess specific
heat in the sample with the lowest specific heat scatter pﬁonons, has to .
be left as an open question. Recently, the.specific ﬁeat of amorphous
solids was measured for tﬁe first time to temperatures well below 0.1 K;z
The results obtained on several samples of SiO2 are shown in Fig. 17. In
addition to the sample:dependence, the low temperature data also show the
limits to what is called the "linear specific heat anomaly“, as inferred
from the data obtéinéd above 0.1 K (Fig. 17, see the data by Zeller and
Pohl). It is important to realize, though, that the thermal conductivity
of 8i0, was found to be entirely samﬁle independentz.

We are thus lead to the conclusion that at best only a fraction of
the states seen in specific heat measurements are caused b& the postulated
tunneling states, and hence the specific hegt results, which played such
a major role in the formulation of the tunneling model,11 have to be
~viewed with caution. On the other hand, we have at present no reason to
believe that the thermal conductivity of amorphous solids is not truly
intrinsic. It is most easily explained with'the assumption of a highly
constant density of states of scattering centers. (See the work on A(T,E)zé,
and both £he ultrasonic and the dielectric work by the Grenoble group“™ ®
lends strong support to the picture of a constant density of highly

anharmonic states of low energy in all amorphous solids.) Finally, the




far infrared absorption méésﬁrements in'Sievers'group9 provide probably
the most direct resemblance between these sfates and the tuﬁneling—
Qscillator states .studied exténsively ig,crystailine solids containing
certain'defects; This raiées the interesting question whether an "amor-
phous' thermal éonductivity, and/or a linear specific heat anomaly can
also exist in sufficiently disordered crystalline solids. Figure 18
shows the discovery of phonon scattering by tunneling defects in.an

27  The thermal conductivity

alkalide halide host crysfal, NaCl, by Klein.
decreases with increasing impurity concentration (identified since as the
tunneling OH - ion, 28)" The phonon scattering was explained by

8
Sussman1

as resulting from resonance scattering by tunneling defects.
- Sussman argued that the conéuctivity varied roughly as 52 in the highly
doped crystal, from whick he concluded that the density of s£ates n(e) .
had to be constant, in a manner identical to that postulated later in

glasses.11

The specific heat of NaCl:0H has actually never been measured.
In subsequent studies of more carefully doped NaCi:OH crystals it has been
found, however, that A{T) shows a far more pronounced structure than shown
in Fig. 18, From these findings it followed that the density of states
of the tunneling defects in this material is really not very constant.
Rather, all the OH - ions in NaCl have fairly equal level schemes,
similar to those of the other well known tunneling defects?,e,gu KClsz
or KCl:Li. |

A linear specific heat anomaly in doped alkalilhalides has actually

been observed in NaBr:F,29 -see Fig. 19. Rollefson-explained this with

the tunneling theory developed by Sussman, assuming a spread of asymmetric

i7
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wells between which the F;'; ion could tunnel. RollefsonAfound, however,
that the thermal conductivity was not affected by these tunneling
defects, indicating that éheir coupling'to the lattice had to be much
weaker than, for instange; that of OH in NaCl. Rollefson did observe

that the anomalous specific heat varied linearly with the fluorine ion

' concentration in the crystal.

So much for the doped alkali halide crystals. These examples show
that a behavior similar to that cdmmén to all amorphous solids can be
found in cryétals under certain conditi§ns. Another interesting example
for glass-like behaviof has been discovered by Bilir3? and by Slack et
al.3! in crystalline sts' The low temperature thermal conduétivitfcis
almost exactly identical to that of silica,_and the specific heat shows
a linear anomaly at low temperatures of 2.6 x 10™° J gmn” ! K 2 which is

similar to the vslue of 1.1 x 107% J gmn~?! K2 for Si0,. Bilir has sugges-

"~ ted that these phenomena are connected with low energy tunneling states

of the yttrium ion between almost equivalent potential wells.

Clearly, more wérk‘is needed in order to demonstrate under what
conditions glass-like thermal behavior can be observed in disordered
crystals, and, at Corneli, work is going on in this direction.

In conclusion, we want to re-emphasize the point which we find most

remarkable about the glassy anomalies:  Vhy do all amorphous solids

.appear to have the same low temperature thermal conductivity, both in

temperature dependence and absolute magnitude? We believe that the
understanding of this phenomenon will be crucial for the understanding

of the origin of this anomaly.
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'Stephensl, Zellerl“, Flubacher!

Figure Captibns
Speci}ic heat of non-crystalline solids beloﬁ 1 K'plétted as .c/T
vs' T . After Stephens, Ref. 1.
Thermal conductivity of non-crystalline solids. After Stephens,
Ref. 1. Note the extension of the 5iO, dafaz to 0.025 K.
Speéific heat of crystalline and vitreous S5i0, plotted as c/T? vs
T to show deviation from the Debye T3 law. The line marked quartz
was measgred by Zeller and Pohl!'* and the dashed line represents
the value of ¢/T3 calculated from;elastic meésurements. The dashed
line C3,D is the Débye contribution to the specific heat of vitreous
silica calculated through Eq. T (Ref. 14). The curves represent
specific heat.meésurements on different samples of vitreous silica,

5 15
, Hornung" ~.

Density of states for Si0, glass. The experimental density of states,

derived from specific heat measurements, was calculated under the

“assumption that the excess states are harmonic oscillators, as are

phonons. If the systems consisted of two levels, their density of

states would be twice as large. Systems with energy level spacing

A are frozen out at A/kT = 1/3, so, for instance, all the states up

to A/k = 1 K are involved in the specific heat at 1/3 K. The top
scale on this figure shows the temperature at which a system with
energy level spacing A becomes thermally excited. After Stephens,
Ref. ;; |

Ultrasonic attenuation of borosilicate and S5i0, glass as a function

of acoustic intensity. The inverse mean free path is that due to

22
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the two level system only. At power levels below 1077 W/em? the
inverse mean free path is constant and for the borosilicate glass-
glass varies as w; i.e., (940/732)2 = 1.67 = 1/0.6. At powers above

1077 W/cm2 the attenuation is proportional to the power to the 0.5

pover in agreement with theory." After Arnold et al., ref. kL.

Temperature dependence of the ultrasonic attenuation of borosilicate
glass at 9&0 MHz at two different powers (Arnold et al., ref. k).

The full circles show.the attenuation.in the almost unsaturated-region
and the increase in this attenuation below 0.6 K is clearly seen.

The triahgleé show‘the saturated attenuation approaching a constant
value of 0.6 dB/cm?. Cgrve 3 was obtained by subtracting curve 2

from curve l.'-Curve 4 was obtained by subtracting 0.6 dB/cm? from

curve 2. The T3 dependence of curve 4 is due to relaxation of the -

. two level systems as described in the text.

Relative variation of the longitudinal sound velocity sz/yg plotted
aé a function of the temperature on a loéarithmic scale. The straight
line represents a variation proportional to fn T. The solid lines
represent the theoretical prediction for the sum of the contribution
of the resonant and the relaxation process, the latter dominating
above 0.6 K; The dash~dot line represents the contribution of the
resonant interaction alone assuming n{e) = n + n,'e?. The filled
triangles show the variation for crystalline silica. After Piché et"
al., ref. 5.

.-

Relative variation of the velocity of light Ac/c at 1.1 GHz in boro- .

silicate and Si0, glass plotted versus temperature. The proportionality



10.

11,

constant relating Ac/c to &n ’I‘/To is different for the two materials
leading to different dipole_momentsﬂ von Schickfus .et al., ref. 6.
The thermal expansiqn o of vitreous silica‘plotted as oL/T3 versus T.
After White, ref. 7. Note that the thermal expansion of S5i0, is
negative over the entire region. The increase in the magnitude of
a/T° may be due to phonon assisted tunneling the hodel for which is
shown in the inset. A particle or group of particles may be in two
states separated by a distance d and a barrier height V. The energy
of the system in the two states differ by a small amount €. At low
temperatures the pérticles can get from one sfate to the other by
tunneling through the barrier with the energy made up by the

11

phonons.

Absorption coefficient versus frequency for four different glasses

- at 4.2 K. Mon et al., ref. 9.

Changes in absorption coefficient with temperature versus frequency.

The dots represent the experimental data, the dashed line the two-

level model, and the solid line the three-level model. Mon et al.,

Ref. 9.

(a) PMMA: a(k.2 X) - a(1.2 K). Parameters for the three-level

model are g = 3.6 x 1072, r = 1/20.
(v) PMMA: a(0.97 K) - a(0.55 K)
(c) PMMA: a(8.68 K) - a(h.25 K)
(a) si0,({with 600 ppm H,0):a(4.2 X) -~ a(1.2 K); Parameters for the

three-level model are g = 3.8 x 1073, r = 1/b0.

2l
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13.

1k,

15.

(e).-8i0, (water free) a(k.2 K) - a(1.2 X). Parameters for the three-
level model are g = 3.8 x 107%, r = 1/ho.

(f) Ge0,: a(k.2 K) - a(1.2 K). Parameters for the three level model
are g = 2 x 10;1, r = 1/20.

Two models_of far infrared absorption by the low energy states (a) Two

level, (B) Three-level. The far infrared trénsition is iabeled'ﬁb.

Mon et al., ref. 91

Thermal‘conductivity of the vitreosil high electric field.sample in

zero field. The vertical scale was determined by comparison to

previous thermalgéonductivity measurements on the same material

(solid 1line). The deviation below 0.2 X is due to the thermal

resistance of an indiuwm-glass interface, which was included in ‘the

measurement since the cold thermometer was soldered to the heat
sink.rathef than separately to the glass. Stephens, Ref. 23.
Thermal conductivity of the vitreosil high electric field sample
plotted as the percentage deviation from a polynomial fit. The

filled cifcles are the data for E = 0, .the open circles are the

data for E = 10° V/cm. Stephens, Ref. 23.

The spécific heat of polymethyl methacrylate as measured on both

long (5 sec) and short (50 usec) time scales. The closed circles

are short-time data determined from the thermal diffusivity a. -

The open circles are short-time data determined from the maximum

amplitude, ATﬁ, of the heat-pulse signal at the bolometer.. The

dashed line is the tunneling-model prediction.u The solid line

25
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Suprasil has 130 ppm chlorine and 100 ppm fluorine. Suprasil W has

26

is the long-time data for PMMA from Stephens, R. B., G. 5. Cieloszyk,

& G. L. Salinger. 1972. Phys. Letts. 38A: 215-217.

~Specific heat of four.,Aszs3 samples plotted as ¢/T vs T2. The line

marked'CDeb is fhe heat capacity predicted by the Debye model. The
two upper curves are from samples which were produced at Cornell with
successively more care to.remove water of hydration. The next curve
is from a sample which was supplied by A. J. Leadbetter. The lowest -
set of dgta is from a sample wﬁich was made by F. J. DiSal&o at BellA
Labs. If one assumes that the differences between the upper,three'
and lowest sets of‘data are due to the presence of two-level systems,

one can calculate the density of these systems to be 68 x 10'® em™3

for the upperZCufve, 26 x 10'® for-the second one, and " 10!8 em™?
for the third. Spark source mass spec analysis of the four measured
samples showed the following impurity concehtrations in the order
given above: 1) 10'% to 102° cm~? Sb and 10'7 to 10'® cm™? Rb;

2) 10'7 to 10'® cm™® and 10%® to 10'7 em™3 Cd; 3) 10'7 to 10'% cm™?
Ge; 4) nothing detectable; After Stephens, .. Ref. 25.

‘Specific heat of vitreous SiO, above 0.025 K, -Suprasil and Spectrosil

B have large OH concentrations, but. small metal ion concentrations.

low OH and metal ion concentrations, but 230 ppm chlorine and 290 ppm
fluorine (all numbers according to the manufacturer). Note that
Spectrosil B and Suprasil have identical specific heats in the tem~

perature range where both were measured (TA> 0.1 K). Note also that
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Si0, with low OH, but high (v 50 ppm) metal ion concentrations

has been found to have lower specific heats than Spéctrosil B

‘above 0.5 K; this difference, however, vanishes below that

temperature (R. B. Stephens, Cornell Ph.D. Thesis, 197k, un-

published). The dashed line marks the Debye specific heat. of .

vitreous Si0,, CDeb =8 7% erg gﬁl K™" based on v, = 3.75 x

10% cm/sec and v, = 5.80 x 10° cm/sec. After Lasjaunias et al.,

t
Ref. 2.
Thermal conductivity of commercial NaCl crystals from Harshaw

and Optovac compared with a natural crystal of Baden halite

and two Cornell -grown crystals. The dashed line varies as T?. After

Klein, Ref. 27.
Specific heat of NaBr coﬂtaining different amounts of NaF in

solid solution. The dashed lines vary as T. After Rollefson,

. Ref. 29.
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