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In the past several years there has beenan intensive effort to understand

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

thermal phenomena should be dominated by the properties of long wave length

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

can be found from h\) = kT and vA = v where v, the sound velocity is a few

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

larger than microscopic disorder  .there -should be little difference between

the thermal properties of amorphous and crystalline dielectrics.  Experimen-

tally there is great regularity in the behavior of a particular thermal prop-

erty  for all aniorphous dielectrics;but this behavior  is very different  than

that for crystalline dielectrics.  For example, the specific heat c of amor-

phous..dielectrics plotted as c/T vs T2 is shown in Fig. 1 below 0.7 K. In

general the specific heat c can be fit to

c = ciT + cjT3                            (1)

where cl -1-5 x 10-6 J gm-1 K-2 and c 3 is larger than is expected from

acoustic measurements.  The thermal conductivity A of a variety of amorphous

dielectrics as a function of temperaturel,2 is shown on Fig. 2.  Below 1 K,

A = AT                               (2)
6

where 6= 1.9 t.1 and A=3 x 10-4 W cm-1 K-1 within a factor of three for

all the materials.      Around   10 K, there   is a plateau where   A  =   10-3   W  cm-1

K-1 within a factor of 2 for all substances.. This is in marked contrast to

MASTER

DISTRIBUTION OF THIS DOCUMENT IS UNLIMIT 



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



f

2

.'.

the behavior of .crystalline dielectrics which follow a T 3 dependence below

1 K and the addition of i few parts per million of an impurity decreases

the thermal conductivity by two .orders of magnitude. 3

An6malous behavior has also been noted for amorphous dielectrics in

measurements of acoustic attenuation 4 and velocitys, dielectric constant 6,

thermal expansion 7, nuclear magnetic resonances and optical properties.9

A number of models have been proposed to explain these results. We
10

will concentrate on one which invokes systems having very few levels.
11

The connection between these systems and the nature of the glassy state is

not known.

In this paper we show that (a) specific heat measurements above 0.1 K

indicate a distribution of local modes independent. of energy; (b) ultrasonic

attenuation measurements at low powers indicate that the local mode systems

can  have   at   most   a few levels; :(c) ultrasonic velocity measurements   give

information about phonon-local .mode coupling parameters;(d)-the measured

thermal conductivity agrees with that calculated from the above information

assuming that the energy independent distribution of modes observed in the

specific heat is responsible for phonon scattering; (e) thermal expansion

and far infrared experiments indicate a phonon assisted tunneling model;

(f) several experiments, however, indicate that the modes observed in the

specific heat measurements may not all scatter phonons.

SPECIFIC HEAT

:The specific heat of a solid is calculated from the temperature deriva-

tive of the internal energy which can be expressed as an integral of the

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

per unit energy n(E), the probability that the mode is occupied f(€/kT):
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U = Jo  E n(E) f(E/kT) de                       (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
E

71   =   fom  n(E)d e                                                                                (4)

However since the distribution functions approach zero rapidly when

kT << E, little error is made in replacing Em by infinity in Eq. 3 when

the low temperature behavior is of interest.  Thus

U·= (kT )2  n(E) x f(x)dx,                 (5)
where x = E/kT.  If

n(E) = I.n.eq .(6)q

2+qthe low temperature dependence of U depends on T and the specific'heat

-1+qis proportional to 1 since c 0 dU./dT.

The specific heats of solids below room temperature have been explained

by the Debye theory in which the theory for blackbody radiation developed
12

by Planek is applie'd to ·elas·tic waves in homogeneous i·sotropic solids not

necessarily crystals.  The number of states per unit energy is proportional

to £2 so that at low tamperatures when the wavelength of the elastic wave

is much longer   than the microscope disorder  of the 'material,   the -M'pecific

heat c depends upon the absolute temperature cubed

c                                          167r Sk 4 1
(7)

F =  (3'D=       5113    BIFT  ,

where p is the density of the material and v is an average velocity of

sound

1   -1     , _1_  +   _-2-)                                                                                                ( .8)
93 - 3 cy£3   vt 3  .
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Here £ and t refer to the longitudinal and transverse polarizations respec-

tively. As shown, below 1 K, 1 > 1000 -A; ·thus -the specific heat of any

material should be proportional to T3 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 0 because of

13
ambiguities in defining 0 for polyatomic noncrystalline solids.

A plot of c/T 3 versus T is shown on Fig. 3 for crystalline quartz.

The results are typical for a large -variety of crystalline materials, in               '

which the calorimetrically measured specific heat is accurately determined

14by sound velocity measurements through Eq. 7.  For crystalline quartz

c/T3 = 5.5 x 10-7 W s gm-1 K-4 and v = 4.4 x 105 cm s-1.

'Data. for the sperific heat of vitteous silica 15, also plotted on

Fit. 3, hre typical for a great variety of amorphous solids.

Above 1 K, c/T 3 has .a hump which was. attributed to discrete oscillations

which could be identified from prominent peaks in the Raman spectrum.15

More recently the specific heat of crystobolite 16, a crystalline form of

silica, was found to vary in the same'way as vitreous silica.  Neutron
. I

17diffraction studies shvw  a low frequency transverse acoustic  mode.        In

analogy with the more complex neutron diffraction and specific huift -stu2ies

of Ge02, it is argued that the hump in c/T 3 above 1 K is due to a mod-
16

ification of the crystalline density of states..  An indication of the

universality of an increased density of low frequency states in amorphous

1.0solids comes from: electron tunneling experiments in amorphous metal films.

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

hump  in· c/T3 above  1  K,   and to correlate   it  with  data on thermal expansion,
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internal friction, dielectric constant, nuclear magnetic resonance and

optical spectroscopy experiments.  However, we turn out attention to

the temperature range 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 prediction.

As shown in Fig. 1 these data are typical for all amorphous materials

and can be described· in Eq. 1 with c 3 > cy A.   Thus .as shown in Fig. 4
J,U

from Eq. 6

n(E) = no + (n2' + n2,D)£2                    (9)

where n2,D is the Debye distribution or states.  The coefficient n  implies

that some nUmber of states per unit energy is independent of energy.  The

value for
no depends upon the model chosen but seems to have a value in

the range of 4 - 25 x 1032 erg-1 cm-3 or about 1017 cm-1 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.
10

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 which are not easily experimentally accessible.  The other

group of models invoke a distribution of localized modes. Of these the
10

one receiving the most attention is the phonon-assisted tunneling model.
11

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 increase the internal energy of the system.  At

low temperature the atoms do not have enough energy to surmount the barriers
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between configurations and they tunnel from one configuration to the

other with the small energy difference made up by lattice vibrations.

In its simplest .form .one can .ignore the .tunneling 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.4  At very low powers

the attenuation is constant.  As the power is increased over a few orders

of magnitude the attenuation decreases and the mean free path increases

'by  an ·order of magnitu'de.    This  dedrease ':in ·attenulition dan'be expraind'dll

if'the 'local  mo'des  are  assum€d  to  Corisist  of  very 'few levels  so  that  at

higher powers the populations of the levels can be equalized leading to

no net energy removed from the ultrasonic wave.  Thus the mean free path

increases.  This is the same process as saturating a nuclear magnetic

resonance signal.

The calculation for the acoustic attenuation of phonons resonantly

scattered by local mode systems is very similar to the calculation of

resonance absorption in the case of dielectric or anelastic relaxation.

·  In  our  case,  at low powers, the acoustic beam causes periodic 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 causes transitions as outlined in quantum

mechanics:
18

r- 1   = *    1 Hi.,12    P
(W). (10)
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The matrix element is given by:

H  = (- ···f M, (11)
ij    2pc2

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

hw -1
n tanh - - The inverse mean free path is £-1 = (Tv) so that
0 2kT

·trn Mi
/Cli,

1-1 = o v w tanh --ltri (12)
v pv 2kT '

V

where the subscript v refers to the polarization of the sound wave.

Even at these low temperatures for gigahertz ultrasonic experiments

hw << kT so that 2.-1 x   .  The
wz dependence is seen in Fig. 5 and

in Fig. 6 we see that 51 c T-0.7 at low temperatures and only for power

levels below 10-7 W/cm2.

The above discussion 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.

There is, however, a competing relaxation mechanism. The sound wave
11

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.  T 3 and independent of frequency. This explains the curves   in   Fig.    6.

The same authors have measured the variation in longitudinally and

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

'.     ...* C..
:..©/ .R· 5. 't  . "

r      .     &404



.,

8

perature using powers of.10-3 W/cm2.  Their results for Av/v x 104 are

shown in Fig. 7. Also shown 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 :

Av.     .co    c a(w'T)-a(w' Tn)
CY  V    =    P    J o     dw, F w 2 - (01 2

(13)

and

nGMJ         #w
av (WT.)      =    1    ---r   w    tanh 2kT.. (14)

HIV
Therefore

Av noMv2     T

(.37)v = PV\'2  En To
, (15)

where T  is a reference temperature.  The decreasing part of the Av/v curve

can be obtained  from the relaxation described above. The quantity
notf,2

is the coupling between the sound  wave  and  the two level systems  n,M£ 2

4 2.6 x 108 erg cm-3 and n,M  0 1.2 x 108 erg crt-3 for borosilicate glass.

From specific heat experiments no =8 x 10-32 erg-1 cm 3, therefore M£ 0

.35 eV and Mt = .24 eV.  That is longitudinal and transverse phonons

couple equally well to the two level systems. Results for silica are

very similar. This large value of the deformation potential also means

a large Gruneisen parameter.

The change in velocity of light in silica and borosilicate glasses

was determined 6 through measurement of the temperature 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 difference between borosilicate and Si02 glasses

as shown on Fig. 8. The relevant parameter is n,p2 - where p is the dipole

moment.  Using no from specific heat experiments, p is about 0.3 D for



Si02 and.0.66 D for borosilicate glass assuming the same value for no.

It appears that different units·are responsible for the,motion in each

-18
of these materials.  Since a Debye unit is 10 esu cm, 0.3 D corres-

ponds to one electronic 'charge moving 0.06 A.  Thus the low value of the

dipole moment precludes the motion of single atoms for which p would be

higher.

THERMAL CONDUCTIVITY

In general the thermal conductivity can be expressed in the kinetic

form by

K =   fc(w)v(w)£(w)de , (16)

where c(w) is the specific per unit frequency range for those modesywhich

have a 'group ·velocity v(w) . Those which have  a zero .'group velocity b'ecome

scattering mechanisms which decrease £(w).  The two level systems have no

group velocity thus we use the Debye expression for c(w) and the mean free

path as calculated from ultrasonic measurements. At the low temperatures
19

we only need the resonant scattering. In this case

A =  t:i: (n,M 1 + 2 n- ) fI x,ex(ex+1) dx .          (17)u  (ex-1)3

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

A = 1.1 x 105 W/cm K and Zaitlen and Anderson19 find 9 x 10-6 W/cm K for

borosilicate glass.  They also find that they can reproduce the entire

thermal conductivity curve including the plateau at 10 K if they use the

non-resonant scattering and let n(E) = no + n;€2 as required by the specific

heat measurements.  Their results for Si02 and borosilicate glass are quite

good.      For the polymer polymethyl methacrylate   (PMMA)   and   for Ge 2 their

results are not as encouraging.

4.          I  "«
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Thus all these experiments, the specific heat, ultrasonic attenuation,

sound velocity, dielectric constant and thermal conductivity appear to be

explained by a uniform distribution of two level systems.

THERMAL EXPANSION

The original models for these systems ascribed the two levels to

phonon assisted tunneling between two configurations of groups of atoms

11
having about the same energy. The energy separation of the two levels

was E = 482 + Az  where 8  is the tunnel splitting for the symmetric case0

8  =hfl ,/8/ff e
-G

(18)
0

where a x '/7 d and hO 0 10-2 eV and E is the energy difference between the

grouhd states of the two wells.  These quantities are defined in the inset

of  Fig.    9.      Up   to  now  we   have not needed any property   of the tunneling  to

explain the results.

Recently White 7 has measured the linear thermal expansion a of Si02

down to 1.5 K and finds that - a/T3 increases dramatically at the lowest

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

been performed on PMMA and in that case + a/T 3 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.  y is defined by

3 En w
Y=- (19)

3 Idn V

For Si02, y is about -40 and for PMMA, y is about +40 where c = clT only.

One can explain the large positive Gruneisen parameters for PMMA by

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

+.1
6 -I,·

,
*:

.-,·72 /'.   i �.   ·   *1· ···    '-
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Thus both V and d decrease slightly, but the tunneling frequency increases

steeply because V and d appear in the exponent.  The same explanation

suffices for Si02 because when the temperature is lowered the Si02 lattice

expands.  Thus the wells get further apart and the tunneling frequency

decreases and a/23 becomes more negative.  Similar large expansion coeffi-

tiehts -were found for OH- doped NaCl in which it is known that the OH

tunneled between equivalent potential minima in the Cl- vacancy. 21  How-

ever, in our case a two level system would suffice if the level spacing

somehow depended 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 amorphous

materials, Ge02, PMMA and two pieces of Si02 containing different amounts

of water.9  The data obtained at 4.2 K are shown in Fig. 10.  At first

sight, the spectra show little similarity,   and are strongly sample depen-

dent, as evidenced in curves C and D for Si02• It turns out, however,

that all spectra have a very characteristic temperature dependence in

common, which is shown in Fig. 11.  Mon and Chabal measured the absorp-

tion between 1.2 and 4.2 K, for PMMA even between 0.54 K and 10 K.  In

their paper', Mon et al. show that a straightforward description of this

temperature and frequency dependence can be achieved with a level. diagram

as  shown  in  Fig.   12b· Each absorbing center consists of three states,   two

n     of which are closely spaced (rkw, r 0 0.05) relative to the spacing of

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

1 -.-
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only between the states labelled 1 and 2.  The temperature and frequency

dependence results from the thermal population of the thtee states.  At

low frequencies (< 6 cm-1), 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 absorption in this frequency range results from a thermal population of

state .1,   out of which the absorption takes place.

The optical absorption and the model used to describe it shows a

great deal of resemblance with that of alkali halide crystals: doped with

certain impurities 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 wide spacing is caused by oscllla-

tor states.  A spectroscopic study of the temperature dependence of absorp-

tion in several tunnel systems, e.g., KCl: Li, NaCl:OH, has been made by

Kirby et al. Guided by this similarity, Mon et al. argue that their
22

observations in the amorphous materials result from similar tunneling and

oscillator states, except that in the amorphous materials the splittings

fw   (and  r663) 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  w is notAf.

known, and since it may also be frequency dependent, the optical data

cannot be used for an independent determination of the density of states

,n(E).  In amorphous substances n(E) is therefore usually determined from

specific heat measurements.  Figure 4 shows an analysis by Stephens of
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the low temperature specific heat of amorphous Si02.1  In the tunneling

11
model proposed to explain the low energy states in glasses, 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

3

solids become polarized , and hence, their energy splitting will change.

Resonant scattering of phonons by these states will, consequently, move

to   a different frequency. 3 Stephens .looked  for a similar effect   in

glasses. We have seen above that the thermal conductivity measurement,
23

as well as the tempetature and frequency dependence of the speed of sound

and  the   real  part   of the dielectric 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 tunneling defects. The density of

states derived from specific heat measurements, however, shows a nonlinear

contribution (approximately proportional to  £2) in the frequency range of

interest  for heat conduction below 1 K,  See 'Fig. 4. Hence, Stephens argued

as follows: If the density of states of tunneling defects is indeed con-

stant, then an electric field will not alter the density of states n(E,E)

at a certain energy E, since the number of states removed by the field

E will .equal that of the states whose frequency will be changed to E by

the field.  Hence, regardless of the magnitude of the dipole moment of

the tunneling defects, the thermal conductivity A(T,E) should be field

independent.  Stephens measured A(T,E) of a thin plate of silica with and
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without an applied field of 105 volt/cm, see Fig. 13 and 14.  He analyzed

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

by     Schickfus·et al.6, 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 temperature range of his

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

V = w/2A = 1010 to 7 x 1010 sec-1).  In this range, the density of states
-

obtained from specific heat (see Fig. 4) actually varies by a factor of

two.  Alternatively, 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 dedsity of states should vary with the applied field,

and hence the absence of an effect. of E on A could be used to determine

an upper limit of the dipole moment of the tunneling states.  Under this

assumption, Stephens found an upper limit of the dipole moment in Si02

of 0.1 D = 0.02 eA (local field corrected), smaller than the value deter-

mined by Schickfus et al.6 by a factor of three, and unreasonably

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) is         -

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

the tunneling model, was also studied by Goubau and Tait. Since the
24

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

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

tunneling model of glasses was that the observed specific heat should
11

t
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be dependent on the time during which the measurement was performed.  For

short times, only the strongly coupled tunneling states can take up energy

from the lattice,.and hence the specific heat should appear smaller.

Goubau and Tait were unable to detect such an effect even when the sample

dimensions were chosen such that the heat could propagate through the

sample in times of the order of 10-5 sec.  Figure 15 shows the data

obtained on polymethyl methacrylate.  Although the tunneling model can

probably be modified in such a way as to be brought into agreement with          '"

this result, the explanation of the discrepancy is probably much simpler,

as will be discussed next.

In the earlier studies of the specific heat anomaly of amorphous

dielectrics, no evidence 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, however, has turned up evidence

that this conclusion was premature, at least as far as the specific heat

anomaly is concerned. Figure 16 shows the  specific heat of amorphous25

As 2S 3.  With increasing sample purity and/or perfection, a Schottky type

anomaly disappears in As
2S as does an anomaly beginning below 0.1 K,3'

leaving an anomaly of the usual form (closed circles).  Further care in       -

producing the sample (chemical purity .and/or physical perfection?),  how-

ever, makes this anomaly shrink by more than a factor of two (open circles).

The thermal conductivity of the latter two samples, however, differs by

less than 20% (and even this difference is believed to be the result of

the poor definition of the geometry of the sample25).  Similar results
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were found for 8203 2,8,26 and the ionic.glass CaK (N03)3 25.  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 scatter phonons.

Whether all or at least part of the excitations causing the excess specific

heat in the sample with the lowest specific heat scatter phonons, has to

be left as an open question.  Recently, the specific heat of amorphous
-

solids was measured for the first time to temperatures well below 0.1 K.
2             /

The results obtained on several samples of Si02 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 speci fic heat anomaly", as inferred

from the data obtained above 0.1 K (Fig. 17, see the data by Zeller and

Pohl).  It is important to realize, though, that the thermal conductivity

of Si02  was found to be entirely sample independent 2.

We are thus lead to the conclusion that at best only a fraction of

the states seen in specific heat measurements are caused by the postulated

tunneling states, and hence the specific heat 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 tq

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)23,

and both the ultrasonic and the dielectric work by the Grenoble group4-6

lends strong support to the picture of a constant density of highly

anharmonic states of low energy in all amorphous solids.)  Finally, the
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far infrared absorption measurements in Sievers'group' provide probably

the most direct resemblance between these states and the tunneling-

oscillator states studied extensively in crystalline solids containing

certain de fects. This raises the interesting question whether  an  "amor-

phous" thermal conductivity, 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                                  -
alkalide halide host crystal, NaCl, by Klein. The therbal conductivity

decreases with increasing impurity concentration (identified since as the

tunneling  OH-  - ion.28.) The phonon scattering was explained by

18
Sussman as resulting from resonance scattering by tunneling defects.

Sussman argued that the conductivity varied roughly as T 2 in the highly

doped crystal, from which he concluded that the density of states n(E)

had to be constant, in a manner identical to that postulated later in

glasses. The specific heat of NaCl:OH has actually never been measured.11

In subsequent studies of more carefully doped NaCl:OH crystals it has been

found, however, that A(TO 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  Na.Cl have fairly equal level schemes,

3

similar to those of the other well known tunneling defects.,e:g. KCl:CN

or KCl:Li.

A linear specific heat anomaly in doped alkali halides 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
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wells between which the F - ion could tunnel. Rollefson found, however,

that the thermal conductivity  was not affected by these tunneling

defects, indicating that their coupling to the lattice had to be much

weaker   than, for instance,'  that   of   OH-   in NaCl. Rollefson did observe

that the anomalous specific heat varied linearly with the fluorine ion

concentration in the crystal.

S9 much for the doped alkali halide crystals.  These examples show

that a behavior similar to that common to all amorphous solids can be

found in crystals under certain conditions.  Another interesting example

for glass-like behavior has been discovered by Bilir and by Slack et
30

al.31 in crystalline YB66.  The low temperature thermal conductivity is ·-

almost exactly identical to that of silica, and the specific heat shows

a linear anomaly at low temperatures of 2.6 x 10-6 J gm-1 K-2 which is

similar to the value of 1.1 x 10-6 J gm-1 K-2 for Si02•  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 work is needed in order to demonstrate under what

conditions glass-like thermal behavior canbe observed in disordered

crystals, and, at Cornell, 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:  Why 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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Figure Captions

1.  Specific heat of non-crystalline solids below 1 K plotted as c/T

vs T .  After Stephens, Ref. 1.

2.  Thermal conductivity of non-crystalline solids.  After Stephens,

Ref. 1.  Note the extension of the Si02 data2 to 0.025 K.

3.  Specific heat of crystalline and vitreous Si02 plotted as c/T3 vs

T to show deviation from the Debye T 3 law.  The line marked quartz

was measured by Zeller and Pohl and the dashed line represents
14

the value of c/T 3 calculated from elastic measurements.  The dashed

line c, n is the Debye contribution to the specific heat of vitreous
J 'V

silica calculated through Eq. 7 (Ref. 14).  The curves represent

specific heat measurements on different samples of vitreous silica,

Stephensi, Zeller 14, Flubacherls, Hornungls.

4.  Density of states for Si02 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 8/kT = 1/3, so, for instance, all the states up

to 8/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 & becomes thermally excited.  After Stephens,

Ref. 1.

5.  Ultrasonic attenuation of borosilicate and Si02 glass as a function

of acoustic intensity. The inverse mean free path is that due to
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the two level system only.  At power levels below 10-7 W/cm2 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

10-7 W/cm2 the attenuation is proportional to the power to the 0.5

power in agreement with theory.4  After Arnold et al., ref. 4.

6.  Temperature dependence of the ultrasonic attenuation of borosilicate

glass at 940 MHz at two different powers (Arnold et al., ref. 4).

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 triangles show the saturated attenuation approaching a constant

value of 0.6 dB/cm2.  Curve 3 was obtained by subtracting curve 2

from  curve 1. Curve   4 was obtained by subtracting 0.6 dB/cm2   from

curve 2.  The T 3 dependence of curve 4 is due to relaxation of the

two level systems as described in the text.

7.  Relative variation of the longitudinal sound velocity Av£/7£ plotted

as a function of the temperature on a logarithmic scale.  The straight

line represents a variation proportional to £n 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 as suming n ( E ) = n  + n 2 ' E 2.  The filled

triangles show the variation for crystalline silica.  After Pich& et

al., ref. 5.

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

silicate and Si02 glass plotted versus temperature. The proportionality
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constant relating Ac/c to En T/T  is different for the two materials

leading to different dipole moments.  von Schickfus et al., ref. 6.

9.  The thermal expansion a of vitreous silica plotted as a/T 3 versus T.

After White,'ref. 7.  Note that the thermal expansion of Si02 is

negative over the entire region. The increase in the magnitude of

a/T 3 may be due to phonon assisted tunneling the model 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 E.  At low

temperatures the particles can get from one state to the other by

tunneling  through the barrier with the energy made up by the

11
phonons.

10.  Absorption coefficient versus frequency for four different glasses

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

11.  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(4.2 K) - a(1.2 K).  Parameters for the three-level

model are g  = 3.6 x 10-2, r = 1/20.

(b) PMMA: a(0.97 K) - a(0.55 K)

(c) PMMA: a(8.68 K) - a(4.25 K)

(d) Si02(with 600 ppm H20):a(4.2 K) - a(1.2 K).  Parameters for the

three-level model are g  = 3.8 x 10-3, r = 1/40.
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(e) ·Si02 (water free) a(4.2 K) - a(1.2 K).  Parameters for the three-

level model are g  = 3.8 x 10-3, r = 1/40.

(f) Ge02: a(4.2 K) - a(1.2 K).  Parameters for the three level model

are g  =2 x 10-1, r= 1/20.

12.  Two models of far infrared absorption by the low energy states (a) Two

level, (b) Three-level.       The far infrared transition is labeled  -<0.

Mon et al., ref. 9.

13·  Thermal conductivity of the vitreosil high electric field sample in

zero field. The vertical scale was determined by comparison to

previous thermal conductivity measurements on the same material

(solid line). The deviation ,below 0.2 K is due to the thermal

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

measurement since the cold thermometer was soldered to the heat

sink rather than separately to the glass.  Stephens, Ref. 23.

14.  Thermal conductivity of the vitreosil high electric field sample

plotted as the percentage deviation from a polynomial fit.  The

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

data for E = 105 V/cm.  Stephens, Ref. 23.

15·  The specific 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, AT ' of the heat-pulse.signal at the bolometer.  The

11
dashed line is the tunneling-model prediction.    The solid line

. .  .     . . . . . ..:     .   '.-P»
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is the long-time data for PMMA from Stephens, R. B., G. S. Cieloszyk,

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

16. Specific heat of four As 2S 3
samples plotted as c/T vs T2.  The line

marked CDeb is the 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 data is from a sample which was made by F. J. DiSalvo at Bell

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 cm
16   -3

16 16   -3for the upper curve, 26 x 10 for the second one, and 0 10 cm

for the third. Spark source mass spec analysis of the four measured

samples showed the following impurity concentrations in the order

given above: 1) 1019 to 1020 cm-3 Sb and 1017 to 1018 cm-3 Rb;

2) 10 to 10 cm and 10 to 10 cm Cd; 3) 10 to 10 cm
17 18 -3 16 17 -3 17 18   -3

Ge ;4) nothing detectable ; After Stephens,.  Ref.   25.

17.  Specific heat of vitreous Si02 above 0.025 K, Suprasil and Spectrosil

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

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

low OH and metal ion concentrations, but 230 ppm chlorine and 290 ppm

fluorine fall numbers according to the manufacturer).  Note that

Spectrosil B and Suprasil have identical specific heats in the tem-

perature range where both were measured (T > 0.1 K).  Note also that
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Si02 with low OH, but high (0 50 ppm) metal ion concentrations

has been found to have lower specific heats than Spectrosil B

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

temperature (R. B. Stephens, Cornell Ph.D. Thesis, 1974, un-

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

vitreous Si02, C    =8 T 3 erg gil K-4 based on vt = 3.75 x
Deb

105 cm/sec and vt = 5.80 x 105 cm/sec.  After Lasjaunias et al.,

Ref. 2.

18.  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 T2. After

Klein, Ref. 27.

19.  Specific heat of NaBr containing different amounts of NaF in

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

Ref. 29.
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