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GLASS-LIKE, LOW-ENERGY EXCITATIONS
"IN NEUTRON-IRRADIATED QUARTZ

John William Gardner, Ph.D.
Department of Physics

Univer51ty of Illinois at Urbana-Champaign, 1980

The specific heat and thermal conductivity.of neutron-irradi-
ated crystalline quartz have been measured for tamperatures =~ 0.1-5 K.~
four types:cf low-eneréy excitations are observed‘ic the irradiated
Samples,icwb of which can be removed selectiyely by heat treatment.
One set of remaining excitations giVes rise to low-temperature thermal
behavior.chaiacterisfic of glassy (amorphous) soiids.A The density of
these'glass-Iike excitations can be 50% the density cbser&ed in
vitreous silica, yet the sample still retain long-range atomic order.
In a less-irradiated sample, glass-like excitations may be present
with a deabity only -.a.S% thaf nhserved in Vitreous 51lica and

poSsess a similar broad energy spectrum over O.l-ng.'



Vs

¢ . A
LY

iii

ACKNOWLEDGMENTS

Df.:iefry Smith kindly assisted with the sample irradiatioﬁs
apd q. Mcmillan.performed the x-ray‘analysis. |

The'aﬁthor thanks Dr. A. C. Anderson for suggesting the present
research and particularly thanks him for his absolufely unfailing
interést;éhd'helpfulness.

Thisawark was supported iﬁ part by the U.S. Department of :

Energy under Contract DE-ACO2-76ER01198.



I.

II.

III.

Iv.

APPENDIX . .

TABLE OF CONTENTS

INTRODUCPION.C...4....I..'.........l........"....00.0....
A. Glasses at Low TemperatureS.secccecccscccccccescccanco

. B, Motivation for the Present WOrk.,......;.............

SAMPLE CHARACTERIZATION AND EXPERIMENTAL PROCEDURE....c..
A. Irradiations‘....‘:.-...............'.......A.‘-....'......

B. . Heat Treatments..bo..c.c.t.......lo.‘-.oloo;..oo......o

C. Thehnal conductivity.........IO..-..0..0.;.,.....-0.0.A

Do Specific Heat.o.o'.loo....o.......-.0...200';.-..0..0..
Eo x-ray CharaCterizationcooocooon'o.o.oo...vooooo.o..o.o

RESULTS AND DISC[JSSION..Q......0......0.‘......0-...-.00.

.A. Unirradiated sampleoconoool..-.o.c.-ooo-.o.o..o...oo.

B. Irradiated ‘Sanlples.oq-..oobl.lll.-'tt.a.-ave-u...‘lal'

Co Discussion.o.oo‘o...'...ooooc....Q‘..O..-...I.'oo-.‘oo

SLIMMARY."...'..0......O.....‘....Q.......0...‘...........-

A. ADDENDA HEAT CAPACITY..."....;.O......_.-.....Q.......
B, THERMAL CONDUCTIVITY LIMITED BY INCLUSIONS..ceecccece

C:. SPECIFIC HEAT DATA.0..000.0...’..0.00..‘00...0.-‘.0-'.

D. THERMAL CONDUCI‘IVITY DATAO.I......'."....IO-....'....

REFERENCES....'0....'00000000_'00-.-.‘...ocoooo....é"..c..o..

‘VITA..0.0&‘00‘00..0.0.0....oooo...o.o..c...'cco.'.o.oo.o..oooa

iv

Page

11
11
14
18
20
20
26
38

53

54
57
58
64
70

74



I. TNTRODUCTION

A. Glassésvat‘Low Temperatures

lsincelthe advent of low temperature capabiiity in the 1960's,
it has‘béen Qbservec that ‘amorphous solids~(syncn§mogsly, glasses)
exhibit, at femperatures <1 K, characteristic thermal and ultrascnic
pcopeftiéslqﬁite different from those of crystalliﬁé‘solids.ng/ In
pérticular, there is a large specific heat abovelfhé phcnon contri-
:pution observed in crystals;ﬁand this excess sbeéific heat varies
épproximafgly as the temperature, T. It is also chﬁd that the
.magnitudc cf‘the excess. specific heat is remarkably similar among
glasses (thié;includesllélé/ inorgaﬁics, pélymerc,:scmiconductors,
and metals). ;Theithecmal cgcductivity is likewise similar among
glasses, ;S ﬁuch'leés than that of a similarly sized crystal, and
Qaries apprcximate1y as T2 (for T 21 K), cee fig. 1;' Glasses exhibit
strong g;fcésonic attenuation at low ultrasonic'input powers and
safuratidﬁAeffects at higher powers;
| In 1972 a ﬁodéiéié/ was.éut forth which acccunted for all
of-fhe lcw-tgmperature'propgcties‘of glaSscs in a cimple though
phenomenolcgical way: there exict throughout the gléss, it islbre-
sumed,tlocaliZéd, twc;lgvel excitatione which have cnupling to the
latéice. 'Ultrasoﬁic attenuation comes ahout through resonant ab- |
scrptioniby thgse excitatiqns? and a saturation iﬁ aftenﬁation follows
haturaliy étAhigher powers. For the thermal propecties, some density

of states, n(E) (where E is the energy difference of the two



Figure 1. (a) Specific heat C (divided by T3 to emphasize .the
departure from the phonon contribution) and (b) thermal
conductivity K versus temperature T of vitreous silica
(glassy 5i0O,) and quartz (crystalline SiOp). Below 1 K,

. perfect crystals exhibit a C o T3 and x « T3; glasses,
. CeT and k& T2, - A ' ,

Z: ' Zeller and Pohl (Ref. 7)

S: Stephens (Refs. 1,8)

F: Flubacher, et al. (Ref. 9)
.B: Bilir and Phillips (Ref. 10)
‘& data from Ref. 11,
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levels), must be chosen for these excitations, and‘if an energy-.
.independent'density is assumed, n(E) = ng, the specific heat

will be linear in temperature and the thernal conductivity quad-

' ratic in'temperature. The theory is named the tunneling-states
model since it proposes that the excitation is the split ground
state of a nass (e.g., an atom or groun of atoms)‘which can tunnel
between two potential wells. Presg%ably in the_anorphous structure
such‘double well configurations could occur; for example, as a

"bend left" or "bend right" position of an atom with two connecting
honds. Symmetry would rule out this degeneracy in a perfect crystal.

However, identification of a tunneling entity has not been made

for any glass.' This is not to say tunneling states in solids with
energy splittings in the range of interest (E £ 1K: energy in
B Kelvin units) have not been observed. SubstitutionalAimpurities
in alkali. halides havelbeen shown to tunnel in some 1nstances,12/
and also to interact strongly with the lattice; thus lowering the:

thermal'conductivity.

Another feature of glasses which has not been understood

~
w

is why the density of states n(E) "’ should be nearly constant over a
large range of energies, from at least 0.01-1 K. The tunneling-
states‘model:makes no explanation of‘this, but assumes rather the
“distribution ad.hoc to produce the observed results.'vIn 1978

3 Klein; et:als,léf calcnlated the effect of strain interactions
anong tunneling systems in a glass and found that.the inclusion
of strain interactions would serve to broaden an’n(E)'which, in

‘the absence of -strains, could be as sharp as $-functions. Further-

.more, if the tunneling systems are of sufficient concentration,



the densityubf states will besome, at low energies, independent of
“the tﬁnneling;system concentration. Thus the strain broadening
model provides.a possible explanation for the univsrsal magni tude

of thermal pfo?erties observed in glasses. In vitreous silics, the

concentration of tunneling systems above which n(E) should be con-

- centration-independent is calculated to be 251020 cm-3, and, if
 the tunneling-statés model is assumed, there is evidencelé/ that

there are as mény as 2 x 1020 cm-3 tunneling systems present.

ThisAcorresbongsAto about 0.1% of the oxygen atoms, Thus the
theo:y may account for the density of states observéd‘in vitreous
_silisa. Ho;éﬁer, there has been nO'indépendenf cqnfirmation that
Athis mechshish'actualiy is responsible for the broad, universal

n(E) observed in glasses.

B. Motivation for the Present Work
15/

'Early in the 1950's Berman— measured the thermal conductivity

" of neutron-irradiated qssrtz for temperatures down to 5 K, With in-
crea51ngineutron dose, the thermal conductlvity was shown to drop from
the high peak at 5- 10 K charactpr1stlc of crystals (see Flg. l the
Berman data are shown in Fig. 6) to a mu;h reduced, nearly temperature-
independent region in the same temperature range. Such "plateaus"

in the thermal'conductivity néar‘lQ.K are characteristic of glasses,
although the cause of the plateau.is not understood.‘ In particular,

it is not kﬁowh'whether tﬁe plaseau_is caused by‘the‘presumed tun-

'A neling excitations which dominate the thermal properties below 1 K.
ﬁowever, tﬁe apparent transformation of crystallins quartz'to a

glass-~-like material raises interesting questions:



(1) It is knownlé/ that for a fast-neutron (E 20.1 MeV)
. ) neutron
- dose £ 3 x 101-9 cm—z, quertz remains crystalline, i.e.,
no-significant change in the sharpness of x-ray reflec-

- tions is observed. At exposures Z 2 X 10%° ™2 the

material is completely vitrified.iZ/ Can the glass-like

,J‘excitations exist in the neutron-damaged crystalline

" . material (i.e., exposure £ 3 x 1019)? If so, with.a
Abetter understanding of the damage created by a fast
‘neutron and of the crystalline environment, the exci-

- tation might be identified.

(2) iindeed,'how might n(E) form at intermediate neutron
'exposures? ‘According to the strain broadening model,
a.concentration of tunneling systems a factor ~10 less
fhen that presumably present in vitreoeslsilica need
no£ possess a broad n(E). If n(E) were a sharp function'
of energy, é test of the tunneling model for the exci-
taﬁions and identification of the tunne;ing entity could

' possibly be mede by an isotope effect, as was donelg/
for substitutioﬁal impurities in alkali halides. Also,
if n(E) were sharp for some neutron dose and if strain
interaction broadening is a dominate.precess, a spreadiﬁg
ef n(E) might be observed at higher dosage.

The.presenﬁ exéeriments were begun to probe n(E) of neutron-

irradiated.deertz for several values of neutron doseley measurements

of specifié heat and thermal conductivity at temperatures aown to

= 0.1 K. Since then, additional information has become available.



Laermenslg/lﬁeaeured the ultrasonic attenuation iﬁ_duartz exposed to
=6 x 1018 cm"2 fast neutrons and observed saturatien as in a glass.
The coupling constantr-Jlg/ of the attenuating excitations to the
lattice wes eiso measuredgg/ and found to be approximately that meas-
ured in vitreeus'silica. X-ray analysis coefirmed'the material was

2/ the thermal conductivity of the

still crystalline; 'Additionally;
sample was meeSured down to 1.4 K and seemed to apprdach-a T2 de-
pendeﬁce.~;The present experiments will confirm that glass-like ex-
citations'are present in'neutron-damaged crystalline quartz, and
may be producee with a density as much as a factor of 40 smaller
than the density in vitreous silica. The spectrum, n(E), of the
excitatipne is,broed.evenuat'thiS'lqw concentfatien; therefore it
is‘poseibie that the broad, universal n(E) in glasses is not ex-
‘plained.by tﬁe strain inte;actions model.

A fﬁrther comment should be made. A mejor point of ignorance
in this cqu;sé'of iﬁvestigation, at least at the present time, is
the precise natute of‘neutroh-induced damage in ctystels. For
instence,';tlie not known with certainty even howrlarée a region is
damaged when-a~fast neutron (~1 Mev) collides with a nucleus in
the solld, although it is believed—gigé/ that a "damage cluster" of
pegbaps 10. atoms is formed. Also, there obviously is no guarantee
that, even if glass-like excitations are produced, other excitations
mlght not also be produced whlch completely domlnate the low-tem-
perature properties; In fact, this problem was encountered to

varying degree in the present work, but fortunately, recent other

work has aided in the classification if not explanation of the



near ménager;é‘created By reactor neutron irradiaéi&n._ Here we also
will discuss eéch.yextraneous"‘effect~or excitation in~tufn'in order
to pinpoihf tﬁe evidencé for glass;like excitationé'aﬁd to provide

a guide for future“reséarch. A more definitive uﬁderstanding of

the microSCopic.nature of the glass-like eéxcitations is hoped for

when. neutron damage is better characterized.

2.
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II. SAMPLE CHARACTERIZATION AND EXPERIMENTAL PROCEDURE .

A. Irradiations-

FiQé»;amples measuring 1 cm x 0.4 am x 5 am (azbic) were
cut_froﬁ é&ja;ent positions of a single crystalgsj of eléctronic- '
grade culfu;éd qhquarté; Emigsion spéctroscopy showed the'samples_
contain z4ppm (wt;..) Al, =20 ppm (wt.) Ca, < 5 ppm (wt.) Fe and
Mn, < 20 pﬁm _~¢(wt.') Ni and Co, and <1 ppm (wt.) Cu. The Al and C:';
': values éré Scéurate to a facfo: of 3, and the upper vélues.are linm-

.its on tﬁé’ $pectroscopy sens%tivity. Onelsamﬁlé was reserved'andA
four wéfeuirrad;atéd'iﬁ.the cp-5 reactor=>’ at Argonne National
Laboratorylfor 3 h, 27 h, 270 h, and 2100 h, respeétively. The
samples wil;<henceforth be designated O h (Qﬂifraqiatgd), 3 h, 27 h,
270 h, aﬁd 2100 h. For the irradiation the samples were wrapped in
aluminum f&ii and placchin pqrforéted aluminum'caﬁs;' hence the
samples weté'iﬁ direct thermal contact with theLgodlihg water of
the reactq;; Table l‘shows the neutron dose each sample received
in different 6eutron energy fanges. As the mean fééé path of a
neutrqd in Sidé;is ~10 ;m,>£he samples'were irradiated uniformly.
Tﬁe‘Y'exposu;é was ;-106 R/h (average energy ~1'MeV); the p ex-
posure isfnot known. ,Follbwing irradi;tion, the}saméles were
etched in_hydroflﬁﬁfic acid to rembve surface contémination.;

Béféfe irradiation, the sampies-(upon wetting the -optically

:rough surfaéé) were colorless and transparent to the eye. After

irradiation the 2100 h sample was uniformly bluish, the 270 h
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(g/cm3)

' 2,651

TABLE 1. Radiation dose, mass density, and appearance of samples after
' exposure to neutron radiation and after heat treatment at
370°C and 840°C.
Sample: 0O h 3 h 27 h 270 h 2100 h
dose (en”®) » 17 18| 19 20
0-0.5 eV - 5.8 x 10 5.3 x 10 4,7 x 10 4,1 x 10
AOSe (cm-z)' | ' : ' |
0.5 ev - 2.2 x 1007 | 2.0 x 10'® | 1.9 x‘_1o19 1.5 x 10%°
- 0.1 MeV .
dose (cm-z) - 2.9 x 1017 2.7 x 1018 2.6 x 1019 2.1 x_lO20
0.1l MeV-00 .
density 2.651 2.648 2.640 2.517 2.256
(g/cm3) : _
coloration || clear central central light tan blue
. smoky tan
after 370°C
anneal:
coloration - central - dark tan green
' light gray '

after 840°C
anneal:
coloration ||central| central" central clear -

blue in| blue in blue in

reflec-| reflec- reflec-

tion tion tion
density 2.650 2.650 2,520 -
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-was uniformly light tan, the 27 h was dark tan in a central trape-
zoidal region (see inset Fig. 4 in Chap. III) and light tan outside
this region, and the 3 h sample was smoke-colored (gray-black) in
"an identical central region and clear outside. ihe-color pattern of
the 27 h and 3 h‘samples was not caused by inhomogeneous exposure
in the reactor.gé/ Also;‘the impurity content in tne central region
did not differ significantly from that in the outer region. The
visual appearances are summarized in Table.l, along with mass den-

'Sities measured to an accuracy of 0.1%.

B. Heat Treatments

Experiments were also performed on the samples after heat
treatment at 370°C and again at 840°C in an argon‘atmosphere. Fcr'
the 370°C_annea1, the sample. was brought to temnerature in 15 min,
held at 37Q§C1for 2 h, then cooled to room temperature in =20 min.
For the Béufc anneal tne sample was brought to temperature in =1 h,
.then_allowed to'cool, reaching 500°C in 20 min and‘?=200°c in 1.5 h.
Coicr and density changes of the heat-treated sampies are listed in

Table'i.‘

C.‘ Thermal‘anductivity

Tnermal conductivities were measured with the heat flux
directed parallel to the crystalline c-axis. See Fig. 2. The
.temperature gradient created'by the heater was measured with pre-
calibrated germanium thermometers to eliminate uncertainty in
temperatures from radiocactive self-heating effects. The thermal

conductivity, K, is given by
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217/

Figure 2. Thermal conductlvity configuration,—

f(a). The 0.16 cm thick copper plate G is bolted to the
refrigerator at point R and provides thermal
grounding for the sample S through copper arm G'.

- Thermal contact between S and G' is made through
- the coil-foil joint J. .Two precalibrated germanium
thermometers, T; and T,, are bolted to strain hard-
- ened (stretched) #22 copper wires M; and My, which
are epoxied to the sample with Scotchcast 8 epoxy
resin. One end of the sample is attached to 0,01 cm
thick copper foil F with GE 7031 varnish. The
heater, H, consists of a 120 ohm strain gage var-
- nished onto F. Electrical leads (not shown) -from
Tys» Tp, and H to plate G are made from supercon-
- . ducting riiobium wire which has a much higher ther-
"-mal resistance than sample S and joint J.

(b) Side view detail of the joint J.  Coil-foil C is
". . soldered to the copper arm G" and folded tightly
over the sample S. Thermal contact is facili-
tated by grease on the sample end and by tying
" the coil-foil tightly to the sample with string
W, P and B are toothpick and Micarta pieces,
‘respectively, placed under the strlng for a
.tighter joint,
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1 ' -1 - 4
'(Tz,on - T2,off) ’ T =11 + T2,on)/2’

k(D) = ?2A7
where P is_the power supplied to the heater, £ is the distance be-
tween thermometers, A is the cross-sectional area of .the sample,
Ty on is the temperature of the thermometer nearer the heater with

’ : i '

with the power off, and T

the power on, is the temperature

T2,off 1

of the other thermometer. For each datum the te@perature T1 is

képt constant. T gives the average temperature 6f the sample be-

tween the‘Fwofthermometers. Typically, (Tz,on -'Tl)_was 5-10% of T.
The-unéertainty in the thermal qonductivity'data arises

mainly from gnéertainty in £ and A, which were determined to 2%

and 1%, respettively. The power P was measured_to_:ko.3%. There-

fore, the'pvérall uncertainty in « is x3-4%. The temperature T

is much better determined, as temperatures were‘méasuted to = 0.2%.

D. Specifié-ﬂeat

SpeCifiC heaf‘was measured by two techniques."In one, the
sample was‘isélated f;om the refrigerator by a wéag thermal 1link
and operatédl$§ a quasi-adiabatic calorimeter,gg/'sée Fig. 3(a).

.A brief curﬁent pulse of known duration was supplied tu a heater on
the sample, qﬁd the rise in temperature was moni tored by a carbon
resistance thermometer. The thermometer is described in Fig. ().
The.same addenda (viz., thermometer, heater, fishiine, and amount

. of glue) Wéfé.used for all weak-link experiﬁents;_‘The pulse dura-
tion and iﬁtérnal thermal equilibrium time were much less than the
‘external thérmal decéy time of the sample through tge‘weak link,
The specific.ﬁeat C is given by

cf) = awvam,



15

Figure 3, Spécific heat experiments.

(a). Weak-link technique. A 0.20 cm thick copper plate G
. provides' thermal grounding to the refrigerator. The
sample S is tightly bound by three loops:of 0,033 cm
diameter nylon fishing line F to prevent vibrational
heating of S and to provide the weak thermal link to
- the refrigerator. The line is attached to G by greased
- screws and thermal contact from F to S is ensured by
small dots of GE 7031 varnish applied at the points
where F comes away from the sample (two points for
~each loop). Thermometer T is bonded to the sample
with varnish. M is a superconducting lead from ther-
mometer T, as described in (c). The heater H con- .

. sists of a 2.8 cm length of 00,0025 cm diameter plat-
“inum/tungsten alloy wire wrapped tightly around the:
sample and continuously bonded to S with a line of
varnish drawn off the tip of a toothpick. Super-

conducting 0.01 cm diameter niobium leads N were
"spot-welded to H. The weld joint was also varnished
to the sample. The thermal resistances of M and N’
are much greater than that of F. GE 7031 varnish
was the sole bonding agent used on the sample so that
the experiment could be disassembled easily with a
relatively mild solvent (ethanol) and the same
" addenda reused. The heater wire, however, was re=-
placed each time (from the same spool).

(b) Diffusivity technique, scale same as in (a). G, S,
. T, H, N, and M are as described in (a). One end of
the sample is epoxied with Scotchcast 8 epoxy resin
‘to a small copper block B. B has a tapped hole ex-
tending partially into its interior. A copper screw
thermally grounds B to G. This design was c¢hosen so
‘that B and S could be removed from G and soaked in
solvent to dissolve the epoxy joint. 5
(c) Side view close-up of thermometer T, C is a chip of
. carbon from a Speer 100 ohm resistor with linear
-dimensions = 0.1 cm. C is epoxied to a 0.0013 cm
thick Mylar strip M, =~ 0.15 cm wide, and some epoxy
.E is welled up against C to provide a smooth, con-
tinuous surface for L. L is a vapor-deposited
lead/tin alloy film approximately 3 x 107> cm thick.
In performing a specific heat experiment, the re-
" sistance of T indicates the temperature of the
sample. '
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(c)

(b)
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where Q is tne:energy dissipated in tne heater,lvvisythe volume of
the sample; and AT is the monitored temperature .rise immediately
foilowing tne current pulse. The average temperature T is half :
the temperature-riselbm added to the‘equilibrium temperature with
the heater off. AT was typically 10% of T. Determination of AT
'iwas improved by repeatind the experiment several times in sequence
and signal -ayerading.

Uncertainty in the weak-link data arises predominantly from
an- uncertainty inAAm, estimated to be 5%. The error introduced
1nto T is negligible, therefore the specific heat by the weak link
method is uncertain by = 5%.~ 23/

In the weak-link configuration, sample 270 h could be meas-
.‘ured only down to a temperature 0.4 K and 2100 h only to 20,7 K
due to spontaneous heating of the samples from radioactive decay.
' Therefore,jboth these samples were measured againlby a thermal
relaxation.("diffusivity") technique in which one end of the sam-.
ple is bondedjdirectly to the refrigerator.A See Fig. 3(b). vCur-
rent is supplied to a heater at the opposite end until an equi-
librium is achieved, and then interrupted. The exponential tem-
perature decay of . the sample to the base temperature of the
refrigerator is monitored. If < is the 1l/e decay time, and if
- the thermal conductiVity k is known, the specific heat C is
computed from;e

| o = wox(hrasdt,

where £ is.the length of the entire sample, and T:is.the average

temperature across the sample with. the heater on.
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Sihee uncalibrated thermometry was usedAon'the sample, there
is seme uhcertainty in the average temperature'sihce a thermal
gradient ielereated by self heating. However, this gradient could
- be estimated,since the thermal conductivity measuremehts utilized

two precaiibrated thermometers and revealed directly the self-
heating gradient across.the sample.ég/ For the 270 h sample,-thie
made a correction in T upward by about 1.5% for the lowest tem-
perature point (0.19 Kf, and made negligible correetion th.S%)
for higher‘tehperature pbihts. For 2100 h, the eqrrection was

. 8=2% for temperatures 0.17-0.29 K, and negligible above. |

-Uneertaihty in the specific heat arises from £, known to
' 1%, and T, wh:Lch was reproduc:Lble to 22 2%. The k was previousAly
determined to ==4%, therefore C is uncertain by ,7%. HoweQer,
it was fognd, in comparison with the specific heat,taken by the
weak-linkitechnique, that the diffusivity data were-consistently
high by 15a2b%. Since this discrepancy was not a“function of
tempereture, it has been escrihed‘to a chahge in geometry ef the
samplefubon'cryogenit cool-down; after cryogenic-cyeling cracks
were observed in the samples near the  epoxy bond,» Therefore, for
- the plots and anaiysis the'diffusivity‘data have heen scaled down-
ward by a factor of 0.80 and 0.85 for the 270 h and 2100 h samples,
'rebpectively, ‘to agree with weak- link data taken at higher tem-

peratures.

E. X-ray Characterization
The (100) x-ray reflections were measured for samples

heat treated to 840°C. Samples O h, 3 h, and 27/ h showed the
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strong, ﬁarféwfline characteristic of crystalline x-quartz. For
the 270 h‘gémble, the (100) reflgction was neérly‘as narrow, but
the anglé Qaslcharacteristic of'p-quartz,‘a'léss”dense crystalline
phase which ih unirradiated quaftz ekists only above S73°C. A
transitibn from a- to ﬁQquartz with irradiation has been noted
preViously;gliég/

In- comparison with x-ray work done by Wittels,lZ/'

samples(
3 h, 27 h;jand 270 h should indeed retain crystallinity, and sample
2100 hAshéﬁld-be amorﬁhousf The measured mass densify of 2100 h
is identical with that of neutron-irradiated vitréoﬁs siiica, which

33/

is amorphous.~—~
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ITI. RESULTS AND DISCUSSION

A, Unlrradiated Sample

The heat capacity and thermal conduct1v1ty of the 0 h sample
were measured to calibrate the,heat capac;ty'addenda (Appendix A)
and to prouide a reference against which the irradiafed‘samplesi
could be compered. Unfortunately, the resultsAfor sample 0 h were
mcre compllcated than expected and must be discussed in detail.

Figure 4 shows the heat capacity of sample 0 h, mass 5.34 g,
'plus'addenda. The data have been divided by T3vco emphasize the !
departure-from ﬁebye phonou behavior, ‘The rise_in‘é/T? below 1 Kj
“is consistent;wifh an esfimate of the heat capacify of the addenda.
Subtracting a fitted curve for the addenda leaves 1ine A\ which
corresponds to a Debye heat capacity for phonons of average ve-
locity v = 4,4 X 10s cm/s, This agrees with the value obtalned
' fremwelasticAconstantsall/ Also shown in Fig. 4 is'the heat ca- |
. psCity of saméle 0 h, mass 5.12 g, after the 840°c'anneal.' There

is an additional‘contribution to the heat capacity, this contri-

bution haVingla temperature dependence of’zTo'S. The origin of

this additional heat capacity is not known.

The thermal conductivity of sample O h is'shdun in Fig; 5.
. These date'heve been divided by f3 to emphasize behaVior.different
from.a cohductivity limited only by phonon scattering off the

bulk bouudaries of the sample (dashed line). Beforetanneal, K/Taf

for O h shows a steep dip from 0.2-3 K. After an anneal to '840°C,
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Figure 4.

HéaE capacity of Sample 0 h (unirradiated) plus addenda;
divided by T3. :

)( 'P:ior to heat treatment, mass of sample 5.34 g.
-+- Following heat treatmént to 840°C, mass of sample 5.12 g.

Line A is the heat capécity of the 5.34 g sample after sub-
traction of the fitted heat capacity contributed by the

"addenda.” The inset illustrates the shape of the central

colored region observed in the annealed O h sample, and in
the irradiated 3 h and 27 h samples.
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Figure 5. Thermal conductivity of unirradiated sample 0 h, divided
by T3.to emphasize departures from boundary scattering.

). 4 -Central region prior to heat treatment, 0.4 &m x 1.0 cm
~ - cross section.

—+— Central, colored region after heat tréatment to 840°C,
0.4 cm x 1.0 cm cross section. :

<:>.Région_outside colored areé after heat . treatment to
. 840°C, 0.40 cm x 0.45 cm cross section.

Thé dashed line indicates k/T3 limited by boundary scat-
‘tering for a cross section of 0,40 cm x 1.0 cm, not cor-
rected for phonon focusing or finite sample length. Solid
curves. are discussed in the text.
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. sample 0‘5,;e§éa1ed a central region identical in shape to that of
3 S and 2? h, and the region appeared blue tq scaﬁtgred light and
brown tb‘trahsmitted light., The therﬁal conducfivity (divided by
'iTB) in the central fegioh dropped over the temperafure range 0,04-
3 K; as §h6Wn;i (The k of the unannealed 0 h'samplé‘was also meas-
ured in thé*céﬁfral région, although the region,Was.not visible at
the time.), The conductivity of the annealed outér‘region shows
the expecféd T3 deﬁendence with a magnitude predicted approximately
byiboundaryAscattering.

| Thé'épticallappearance of the annéaled‘centrai:regién is
suggeétive'éf Rayleiéh scattering §f light off in@lugions within
‘théACrYStal,:inélusiéns of diameters < 3000 &. Sﬁéﬁ‘incluéions

- would also scatter phonons of similar wavelength, thereby causing

' ' 4 '
- a dip in K/T3 for temperatures ~0.1 K.3 / If a density N of
' spherical inclusions is assumed, all inclusions haVing the same
radius r, the phonon mean free path £ as a function of frequency

-1 -1,-1

& would be given by £ = (ZB + Ay ) 7, where ZB is from bound-
ary scatté;ing3—s-/ and II = (Nm:z)-1 if the phonon wavelength A<r,

andéé/ £ =.9(4ﬁr2N)-1(;/r«ﬂ4 if A=r. The calcglaﬁion of a
' thermal céndﬁctivity from the above mean free path is described
" in Appéndix B. The fitted curve through the data in Fig. S for

the sample before heat treatment gives r #80 & and N=2 x 10%3

dni3, and for the annealed sample r x460 % and N§'3"x‘1011 cm-3.
If the inclusions were Ca colloids, the foregoind values would

imply 20'bpm»(wt.) and 70 ppm (wt.) Ca, respectivély.' Given the

' uncertainty'in the impurity measurements and that a.perfect con-~
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densatipn wbﬁld not be needed tq produce an "inclusion," impurity
colloids:couid account - for thé thérmai cqnduétivity.‘ Rayleigh-1like
phonon séaﬁtefing,frém metallic colloids in.a dielectrié crystal

" has been-réported préviously:éz/ As noted, the'thgrmal conduc-
tivi£y in the énnealed outer regién éhowed no séatfgrihg from
inclusidn#{ yet the»meagured impurity content was‘similar to the
centraiAfégién. -Thergfore some gréwth defect migh£ #e responsible

for an initial impurity coddenéation in the central region.

B. Irradiated Samples

Figﬁre'6 shows the thermal conductivity of'ﬁhe irradiated
samples, .measured iﬁ the dentral-region (however, 270 h and 2100 h’
,displayedfnozéblored‘central regioh). The.conduétiyity decreasgsl
with ifradiafion except id the case qf'thé 2100 h sample, which"
has a ;arger'K‘than sample 270 h. Figure 7lsth§vtﬁe conductivity
of the samples aqnealedAto'840°c. éample 2100 h‘was 6n1yiannealed
at 370°C,'aﬂd'no,change in conductivity was obgerVéd. The con-
&u'ctivity_ of "sample 3 h dropped for T 5_'1 K, but increased for
ﬂ?zi Ky métching nlosely'the K of O'h annealed above 1 K, Sample
27 h showedla,similar increase fbr temperatures aboVe‘O.S K, but
no chénge §t7lower temperature. Saﬁple 270 h also showed ﬁo
change beiowtz:O.S K. Although the "plateau" wiil not be studied-
in detail here, it is noted that the plateau in K for 2';/Q h
dropped by azfactor 2.3 upon the 840°C anneal.. However, the most
irr;diated sample of Berman increasedlé/ in.conductivity in this

temperature fange, as did our less irradiated samples.
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Figure 6. Thermal conductivities of irradiated samples.

A 3h

O 27' h
O:21n
v éibo h

: Fo:,reférehce:
- A.“:ﬁni;rédiated sample O h f#om Fig. 5.
B _viﬁreous si;ica'(Réf. 14). |
o Neutron-irradiatéd vitreous silica (Ref. 14).

D, E, F Data on neutron-irradiated quartz from Ref. 15.
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Figdre 7e Thermal conductivity of irradiated samples after heat
. treatment to 840°C. Same scale as Fig. 6. -

A 3n
. @) : 42_7'h
-d 27n

For reference:

A A;Héqt treated, unirradiated sample O h from Fig. 5.

B, C - Same as in Fig. 6.
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The specific heats of the sahples are shown in Figs. 8 and 9.
. Addenda edntfihutions haQe‘been subtracted. A prominent peak occurs
: hear 1K ahdiincreaées in magnitude with irradiation, except for
sample'ZlObAh. Similarly, e;contribution'for T‘sp.SAK increases
with irré&iatioh, except for 2100 h.

An anneal at 370°C had the following effects on specific
heet: For 2100 h, the peak was reduced by at least an order of
magnitude; at lower temperatures the specific heat did not change.
For 270 h,Aah anneal at 370°C (for only 1 h) produeed no change
evef~the1heaéured temperature‘;ange (6.2-1.3 K). 'Fer 3 h, the 1 K
peak did hbt'ehange, but for lower temperatures, 0.2-0.4 K, the
specific heat‘dropped smoethly by 10-50%, Sempie 25 h was not
'anneeledAat 370°C. |

The epecificbheat of samhles annealed,to'8;O°C is shown in
Fiqg. 10. 'The peak near 1 K is sharply reduced innali cases., The
specific heat below 0.4 K 1s nearly unchangcd for 270 h, reduced’
by a factor of three for 27 h, and increased by ~35% for sample 3 h,
- The specific;heat of the 3 h sample is now nearly identical to the
specific'heatiof the annealed 0 h sampie. |

Weithue see a compiicated set of changeé churring with
irradiation.and heat treatment. In order to discovet evidehce for
' glass—likefexqitatibns we shall rely first on the thermal cog-

4 ductivity, since samples 270 h and_?lOO h show diStincﬁ,qlass-
" like'beheviqr here, and then ask whether there is Corresponding
evidence in the specific. heat. Therein lies the first problem:

.thELe are. "extraneous" excitations in the spec1f1c heat., Additionally,
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' Figure 8..,Specific heat of irradiated samples, divided by T3 to
" emphasize departure from Debye behavior.

. Z&: h
O 27n

0 270n
For. féference:
'A  _Débye phonon contribution from Fig. 4.
B ,‘_Vitreoﬁs-silica (Ref. 14).

C :Calculated-for a two-level Scholiky peak plus
lphonon contribution. o

' The specific heat of neutron-irradiated vitreous silica
(Ref. 14) lies about 30% below curve B. ‘
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-Figure 9, Speciflc heat, divided by T3 for irradiated sample 2100 h. .
Same ‘scale as Fig. 8.

v 'Be.fore heat treatment.
¥ Following heat treatment at 370°C.
Curves A and B same as in Fig. 8. The curve through the

. data was calculated from the measured thermal conductivity
- of this sample as explained in the text.



13

TR



36

‘Figure 10.

Specific heat, divided by T3, of neutron-lrradlated sam-

. ‘ples heat treated to 840°C., Same scale as Figs. 8 and 9.

A 3n

® 27n
B 20n

For reference' . :

' -+# Unirradiated sample O h after heat treatment to

. 840°C, from Fig. 4 (addenda contribution subtracted).
A " Debye phonon contribution.
The'twq'lines near the 27 h and 270 h data ‘were calculated

from the measured conductivities of the respective samples
as explained in the text.

-
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it must be determineq Whethe? thesé‘excitations ha?é a significant A
effect oﬁ_tﬁe'thermal conductivity. = The motivation for annealing
the samplés wés to attempt to remove these 6ther‘excitations with-
put also removing glass-like excita£ions. It will}be shéwn'this
was‘a suCceééful procedure, except for thé 3h sampie, where an
ad&itional éét of éxcitations was Eroduced~by annealing. Sample

27 h, theAm;st intermediate of tﬁe samples in somé réspect, will
requiré the most delicate discussion. In-the discussion following,
-we first trgét the exﬁraneous excitations evidenéed in the specific
heap,'cohbaring theséAwith similar excitations ﬁoted in the 1itera- 
ltufe. Secondly, the £hermal conductivity will be considered for
evidence.sf élass-like stafes and then compared with the specific
heat of anhéa;ed samples., Lastly, the charaéter Of‘the’neutron
damage in;thé samples Qill be conéidered and the impiications of
the resulfs f§r the strain bréadening model for ‘the déﬁsity of

glass-like states; n(E), will be discussed.

c. Discﬁsﬁioh

4 Thé‘lérge'peak in C/T3 at =1 K obéerved iﬂ the irradiated
- samples is fitted extremely well by a schottky ‘two-level spe‘éifié
heétég/ haviﬁg an:energy splitting 5.3 K (see Fig. 8). Thése
tWo-leQel'exéitations cannot 5e1sthn to be a éharp energy dis-
tribution of élass-like excitations since there is no definitive
phononVSca£té£ihg. It is true that the thérmal conductivities of
samples 3 h and 27 h show an increase above 1 K upon the 840°C

anneal, an anneal which reduced the Schottky peaké by a factor

2 100, queyér, as seen trom Fig. 6, the conductlvily of the
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unannéaléd 3n or 27 h sample is smaller than tﬁat‘of the 0 h sample
by a conétéht~factor for temperatures 0.5-2 K. In the same tem-
perature range the magnitude 6f«the Schottky specific heat incréases
by 2200, 'This would argue againstég/ resonant,scaftering by the
excitations. Additionally, it is noted that for sample é70 h the.
cénductivitY'decreased abo?e 1 K‘upon 840°C anneal, where the
Schottky'peak was reduced by a factor of 5. |

A Schpttky peak with approximately the same'splitting has
beén seen<inAthe specific heat of a-commgrcidlspeéieé.of vitreous"
-siliéa;ﬁgiﬁ¥  égain, with no evidence of phonon scattering in the -
thermal conduétivity; The peak was redﬁced upon electron irradi-
ation? or heat treatment®l at 1300°C. f_‘urthemp}ei, the Schottky
excitatioﬁs feported in Refs. .40 and 41 could not:bebassociated with
a particuléf;impurity, although £here was sufficient impurity present
~to-accountffor_the obsefved magnitude of the péak} we have evidéqée
that thé-ééhof?ky anomaly in ourxsémples is not:due to impurities.
The magnifudé'of the peak in sample 270 h implies a density of

Schottky éxCitations of 2.7 x 10%°

cm-3, a facto'x':" 22500 largdger
than-the knqwn impurity level, Therefore,Athese'excitations may
.involve.so@éldefecﬁ oflfﬁe 3102 system. A summary‘of the Schottky
vdensities and the effects of anneal are given in,Téblg 2.

| Anothgf low=-energy excitation expected in heut;on-irradiated'
guartz is thatAcreated_by the ¥ radiation present in ‘the reactor.
Chaussy, etﬁaI.,ég/ observe an anomalous specifie heat linear in

temperature for T<1l K in ¥-irradiated quartz. They ascribe this

broad spectrum of excitations to activated Al states, which are
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TABLE 2. Number of Schottky excitations (per cm3) contributing to the
peak ih C/T3 at 1 K following irradiation and following heat
treatment at 370°C and 840°C.

Samples ,

. 0h

270 h

3h .27 h 2100 h
after ) ] I
irradiation || T0 | 2.0 x'10'® | 1.2 x 10" | 2.7 x 1'% | 2.4 x 10'®
after ' .
370°C anneal [ -0 | 2.0 x 10*%" - 2.7.x 101 | < 10"’
after ‘ : '
840°C anneal .0 <4 x10™® | <ax10'® 8 -

_ 5.6 x.lO1
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knan—— to énneal out'at a temperature of 350°C. The purpose of .
our 370°C apnéal was to remove these excitations. "Additionally, in
Ref. 42, no thermal scattering ;ould be detected from the states,

It is seen that our sémple 27 h before anneal shows an approximately
linear specific heat for T< 0..4 K (Fig. 8). It w1ll be shown 1ate£
that a Speéific heat expected from glass-like excitétions is muéh
less thanvthis. Using a width of 6 K for the spectrum of the Al
excitationgiaé in Ref, 42,:the magnitude of the observed excess
specific héét (above'the,phonoh<contribution) woﬁld imply a con-
céntration,of x5 ppm (wt,) Al, close to the meaéured abundance
'value.‘ Our sample :e;eived ~3 x 107 R; Chéussy found a similarly
large Al activatién by a like-dose. After samplel27 h was anneéled
to 840°C,‘the.excess specific heat did drop siénifiéantly.(factor
af 3f, resting close to a magnitude expected from élass-like ex-
citation; (£§ Pe éhown).' Sample 3 h also experiénced a drop in
Specifié ﬁeatufor T<50.5 K‘upon anneal at‘370°c. -This drop could

be accountédffor by a 1 ppm (wt;) initial Al activ$£ion. A simi-
larly‘sma;;érxactivation was also oﬁserved at lower doses in the
Chaussy sgﬁplés. We note further that our samples 270 h and 2100 h
;howea no'évidence of tﬁese excitations; the loQ-teﬁperaturé
’('i‘f,O.S K) specific 'heat showed no chénge with anneal. In Ref., 42,
a specific:crystallige environment (o~quartz) wasluséd to give a
microscopicfdescription~of the Al excitations, and with our samples
270 h and 2160 h there occurs significant deviation. from the a-quartz

structure. Hence the Al excitations may not exist in these samples.
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'In{éﬁmﬁary we note simply that an anneal to 840°C eliminateé
or Sharpiy'réduces the Schottky excitations contributing a peak
near l'K,”and the anheél should also eliminate ﬁheAULinduced ex-
citatiéns:observed at lower temperatﬁre.'

Uﬁfortqnately, such an anneal creates a rather broad spec-
trﬁm of éxéiﬁationé in samples 0 h and 3 h below~1-K'(But apparently
4not in the more‘irradiatéd samples). Theselanneal;ihduced exci-
£ations;‘1ike»the Schottky and'Alvexcitations, mighﬁ’not appear ‘in
the thefmél_conédctivity: For annealed sample O h;Afhe‘excess |
| | | 0-5 |

specific heaf‘increases as ® for temperatures 0.,1-0.5 K; how-

ever, the additional thermal resistance brought'about by the anneal

0.9 4t 0.1 K to ~72ed

‘has a varying temperature dependence from =T
-at 0.5 K (see Fig. S). 'An energy-dependent coupling between the
excitatioﬁs énd fhe lattice could bring about tﬁe_pbserved scat-
tering; 'H6Wéver,.we have preferred a simpler picture where‘the
phonaon scé#iefihg is.from inclusions. An argumeht-ggainSt the
latter mil'ghft_b‘e. that the fit to the thermal conductivity is not

' ihpreésivéiy éood for_tﬁe annealed.O h sample (Fig. 5); however,

.é better fit'éould'be made By assuming a distribution of inclusion
sizes.

'Thé7qgestion is now asked, is there evidenceifor glass-like
excitatiéns:in the irradiated samples, and what is Fhe nature of
their enérg& spectrum? Samples 270 h and 2100 h will be Ereéted
‘first. 2hes¢’samples displayed the fbllowing thermal conductivities,

in W am™t AK-lA, for T £ 0.5 K: 24/

: -4 1.96
Kyggp = 3B %207 T
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4 1 85
K27Q h = 3,3 x 10
ann. 840°C
K2100 h = 4,7 x 10 T

A thermai? conductivity varying as TS, s = 2, is characteristic of
‘a glass and indicative of a broad, enetgy-insensiti've spectrum of
gla_ss-like:e-xcitatiq_r'is. In particular, s>1.8 fer'vitreous silica.lﬁl-/
| Tl;IE-' tunneling states model makes the foll'owi‘ng connection
between Atl".x_e excess specific heat (i.e., that above the phonon contri-
bution) and ‘the thermal conductivity. Let the density of glass-like
excitétic.)r'xs' per unit enetgy per unit volume be denoted, ‘as before,

"n(E), where E'‘is the enerqgy splitting of these presumably two-level

>'excitations".‘ " If n(E) & Em (where m typically is # 0.1 for glas‘ses) ’

-~ a@ 7-2 2-m. and C o 1 The ¥ is the coupling con-
stanb]ﬁ-’ig/ between the glass llke excitations and the lattice

phonqns. To avoid constants of proportionallty, the quantities

are riomal«ized to vitreous silica:

2 .
K|, , .
c =c 31X ' (1)
X g Kx xg .

45/

where Cg ehd kg refer—' to the»glass‘ vitreous silica, and C_ and
Ky to the..itrediated sample.—eé/ Under the assumption Yx = Xg"-

Cy is plotted near. the respective data in Fig, 10." The Debye phonon
'Acontributj;onA.has been added. For sample 270 h, )<_x of the annealed
sample has been used to compare with the annealed’ specific heat.
The agceement'is excellent and is within the matgin'of measurement
uncertaint)./: "A’I‘herefore, the identicality cf the”coi.;pling constants

among vitre‘ou's"_ silicé, sample 270 h, and sample 2100 h is demonstrated

~
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to within 7%

For sémples 3 h and 27 h, the appropriate thefmal conducﬁivity

to use for k&:in Eq. 1 is that ;onductivity limited only by the exci-
tations creatéd by the neutron irrédiation. For thése two sampleé,
tﬁefe.isvé'Siénificant.confribution to'the thermal resistance from
bqlk boundary écattering and additionally from thelginclusions."
The 0Oh sample, since it has the same bulk cross éection as 3 h and
'25 h ana'preSumably an identical inclusion compositibn; calibrates
,these‘resiétahées. _Tﬁerefore they can be '"removed" from an irradi-
ated sahpie by subtracting the inverse conductivity of O h:

=1 -1 -1
Kx = K -kOh . (2)

where k;ié tﬁe measured conductivity of an irradiated sample. It
-has been ﬁeﬁtioned that comparison of ‘thermal conduqtivities to
«annealed_éﬁeCific«heats may be necessary. In that.Ease Eq. 2 should
refer to thé conductivitiesvof annealed samples. For sample 3 h this
gives, for‘$‘< 0.4 K (Fig. 11);

-2 T2.46 Cm-l K-l

= 7.7 x 10 W

Ky 3.h
If.Eq; 1 is hsea; the above conducti?ity predicts an excess'speéific'
heat a faéﬁér 220 less than observed (the prediéted:curve, not
plotted,‘falls close abové line A in Fig. 10). However, it is cléar
from Fig.ﬂld that the spécific heat of the annealeé 3 h sample is
compleﬁely aominated by the unidentified excitations also observed
in sample O h after anﬁeal. Thus, no claim for-theApresence of
glass-likévgxcitations in sample 3 h can be.made,QZ/

For.sample 27 h, there is reason to believe Eq. 2 will not be

valid for annealed sample conductivities. .It is noted that the
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Figure 11.

Thermal conductivity kx of samples before and after -
heat treatment to 840°C, The Ky is the inverse thermal

‘resistance of an irradiated sample after subtraction

of the thermal resistance of the unlrradlated sample

ZO h, see Eq. 2 in text,

1[&- 3 h before heat treatmept
A . 3 h after heat treatment

' ();"27 h before heat treatment

j.' 27 h after heat treatment
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840°C énneai‘dropped the conductivities of samples O h and 3 h by

é similar'faétor for T £ 0.5 K (Figs. 6 and 7); ho@eﬁer, the anneal
did not produce a change in the 27 h conductivity (T £ 0.5 K)., It

is plausibié that the scattering aséociated with inclusions is not
.scaiing éimilarly upon anneal fo; éémple 27 h as:for sample 0 h; |
‘heﬁce the.éalibration of the inclusion scaftering.ih Eq. 2 fails.
However, it:may be Qalid to use Eq. 2 with the unannealed conduc-
tivifies‘to dis;over.a K, that may be comparéd with the annealed
Aspecific hegt, This is recommended by several fécts; (1) The
excess excitations, namely Schottky and Al, preseﬁt:in the unénnealed
27 h bpf not in 0 h, did not appear to affect thgrmél conductivity,
(2) The ;k fbr.samples “on either side" of 27 h,‘i,é., 3 h and 270 h,
aid not cbahge (for T £ 0.4 K) upon anneal, see Fig; 1l and Figs.

6 and 7. - (3) At the lowest temperatures, where-inéiusion scattering
diminishes and bulk boundary scattering begins to predominate (seé
Fig. S),'ﬁpe K, as computed from annealed 27 h and annealed O h |
approachés:aEYmptotically that for the unannealed éase, see Fié. 11,
Thereforet Qsihg the unanneéled sample conductivities, Eq. 2 gives

-3 _2.13 -1 -1
;<x27h‘—9.4x10.T Wem © K

for T < 0.4 K, The temperature dependence ié suggéstive of the
presenceAqf a'broadvspeétrum of glass-like excitations. Using the
above K*,"Eq. 1 predicté the line near the anneéled ?7 h specific

. heat data in Fig. 10 (phonon confribution has been.added).~ Agreement
is good, and the data lie x10% above the predicféd line. However,
it is not‘kqéﬁn what contribution any possible rémhant éxcitations

Similar to those found in the annealed 0 h and 3 h samples might
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make to the- data.

There is a further complicating factor with sample 27 h. The
thermal conduct1v1ty of the annealed outer region ‘was measured and
Kxgg/ was:aAfactor ~ 4 higher than in the central region,ég/ There-
fore, the oredicted excess specific heat for sampie 27 h, which by
volume is 2 70% central region and 2 30% outer region, should be
Alowered by a factor 0.8. With this adJustment ‘the - predicted excess
specific'heat;is ‘a65% of that measured. .If it ;s assumed that the
entire exeess.specific heat is due to glass-like exeitations, the
coopling constant ¥ in the 27 h sample would be :Qij% smaller'than
;ihvvitreous silica. Of course, as mentioned abome, there might be
contribmtions to the specific heat from other exeitations.

Asiposited in'Chapter 1, the mieroscopic nature of fastf
neutroh damage in crystals is not well known. Nevertheless, estimates
.have been-made of the amount of damage present ih the irradiated
:sampics. 7Ih Table 3, row A gives the number of "damage clusters" in
-each sample. This number is calculated assuming ‘a damage region

23/ 10.-atoms is produced by each'fast-neutron.col;ision. The
" number oficollisions,per cmj'is No‘§ , where N is the atomic deusity,
8 x 1022 '3 -0 is the scatterlng cross section,23/ 3.5 x 102 2,
and the dose § is taken from Table 1 in the 0.1 MeV - 00 range.
Row B of Table 3 lists the fractional volume of the total damage
and row C the number of atoms in the total damaged volume. Accordihg
to row B, sample 270 h' 1s _the first sample estlmated to be “completely"

damaged. The sample also exhibited the lowest thermal conductivity

and largest specific heat of the samples; sample. 2100 h reversed



TABLE 3.

Sample:

3 h

27 h

Comparison of neutron- 1rrad1ated quartz samples.
detalls of estimates.

270 h

49

See text for

2100 h

(A) radiation in-
duced clusters
per cm o

(B) fraction of
sample damaged

©. (C) total number
of displaced

" atoms in dam<
aged volume,
per cm”®

(D) ratio of
glass-like ex-

citation densi-

ty compared to"
vitreous silica

(E) ratio of =
glass-like ex-
citation densi-

-ty compared to

" neutron-irradi-
ated vitreous -

- silica

(F) total number
of glass-like
excitations of
energy <1 K,

~ per cm "

-

8.1 x 10

20.01

8 x 1020

(20.005)

(z0.007)

4,3 x 1014

16

0.024

0.031

2.4 x 10

7.3 % 1018

21,0

22

7 x 10

0.53

0.69

5.4 x 10%°

5.9 x 1019
1.0

(6 x 1023)

0.51

3.9 x 10*°
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this trend.‘ Saturation or reversal of other propert1es§§1—9/
neutron-lrradlated quartz has been reported near- the 3 x 1019 cm"2
fast-nedtron dose. |

A'sdﬁméry of the densities of glass-like excitations obserﬁed
Ain.the seﬁples is‘givedkin rewe D, E, end F. Row D gives the fraction
of glass-like excitatiods in neueron-ifradiated quartzAcompered te
vitreoué“Eilice; in row-ﬁ compared to neutron-ifradiated vitreous
Asilica. The fraction was calculated from tﬁe ratlo of the respectide

thermal conductiv1ties-——/

(central region K was used for samples

3 hand 27'h)‘f Sample 3h is included;‘althopgh no independent eyi-
dence for giaes-like excitations was found'in thisfsample. It is
noted for sample 270 h thaf crystalline,,neutron-ir;adiated quartz

can atteiﬁ ?G% the density of glass-like exeitafione of amorphous,
'deufron-ifradiated vitreous silica. In row F, the number of glass-
like excitatiens per cm3.with energy spliffing less then 1K is
Céngiatéaéég/A These densjties allow only one exc;tetion for every
::ZOO_damaQe clusteref It is not known how far‘fheAenergy spectrum
of glass;ldke excitations extends above 1 K since qther,‘not independ-
ently chérecterized processes>enter into the speeifie heat and thermal
cohductivitYVOf giasses.éé/‘ However,'if the‘speetrum extends to

~ 40 K as. has been suggested for vitreous 51lica,l£/ and with an
energy dependence similar to vitreous 5111ca,l£/ the .values in row F
would be:ihcreased by a factor of 2000. Such a density would put
~10 Qlass-iike excitations in each damage cluste;-for samples 3 h,

27.h,jend'270“h. . It should be noted that the densify of glass-like

excitations observed in the samples is not consistent with a
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conjecture that local vitrification in the sample occurs upon irradi-

33/

ation, i;e.; that each damage cluster is a pocket-i"thermal spike'"=—~")
of vitrified materia;. For sample 270 h, x50% b§ Qolume glass would
be required; inconsistent with the. measured density. The invalidity
of the tﬁérﬁal-spike picture for quartz has been stated previously.ég/
Wé ﬁow considerAthe bearing of the results on the straih
broadening m§del discussed ip Chapter I. It was stated that for a
concentration of glasé-like excitations (assumedutp be tunneling sys-
tems) a factor ~10 smaller than found in vitreous silica, interaction
strain bfdadéning would no longer hold and, conceivably, sharp peaks
in the dénsity of stafes, n(E), could exist. No such sharp distri-
butions ofuélass-like é*citations were detected in the present samples,
at iéast over the energy range % 0.1-5 K. .Indeed, the results for
sample 27 h sugges£ a broad spéctrum of glass-like‘éxcitations per-
siéts eQénAat'a dilution of 1/40 compared to vitrebus silica. One
might therefbre believe some other mechanism is responsible for the
broad n(E) observed in glasses. However, Table 3 shows that the
fractionAof glass-like excitations compared to vitreous silica is
roughly equal to the fraction of the sample damaged (rows B and D).
This suggestg that the excitations are.clustered with local densities
equivalent. to that in vitreous silica. - Hence strain interactions
could still be important, assuming that there were in fact many
~excitations ﬁreseﬂt in each cluster, It is therefore seen that thev
form of n(E) aone 1 K has critical bearing on this question; the

aforementidhed factor of 2000 is necessary to produce even just 10

" excitations ber cluster. Until it is discovered definitively how



to measure n(E) for E >1 K, or until the damage regions can be probed
iocally fo:‘glass;like~excitations, it appears that interaction strain

.broadening.is still a viable model for the universal n(E) observed in

.glésses.v}_



IV. SUMMARY

Thé fqllowihg is a summary of the major experimental results.
it has been shown thét neutron-irradiated quartz exhibits a low-
temﬁeratu;e specific heat and fhermal conductivity characteristic
_of glésses. In particular, the density of "glassﬁlike" excitations
giviﬁg rise fo these thermal propercies may attain 50% the density
of that ih_ﬁif;eous silica, yet the irradiated cuartz still retain
long range‘atomic order. For a less irradiated samélé, a density
of glass-like cxcitations & 2.5% that in vitreous cilica may be
broduced, With'én energy spectrum sipilar to théf.iﬁ vitreous silica
foc the éhergyArange 0.1-1 K. The censity of glaés-iike excitations
_ in the irradiated quartz'increaces‘with irradiatioﬁ up to a fast-

9

neutron dose 23 x 101 cm-z, and is subsequently. reduced for a

20

‘em™2. The density of glass-like excitations is not

dose 2 x 10
changed upon-aibrief anneal to 840°C.

| In addition to glassfiike excitations, neutron-irradiated
‘quartz exhibits in the specific heat a two-level Schottky anomaly

, With'splittihg'5.3 K. The magnitude of this anohaly}increaSes with

irradiation up.to a fast-neutron dose ~ 3 x 1019 cm-z, and is subse-

quently reduced for a dose % 2 x lO20 cm-2. A brief anneal to 840°C

sharply reduces the magnitude of the anomaly.



APPENDIX A

ADDENDA HEAT CAPACITY

54

it:is important to. know the heat capacity of the addenda in

the weak-link specific heat experiments since, for the less-irradi-

ated samples, this is a significant contribution to the total heat

capacity for T <1 K. First, we estimate the expected heat capacity

of the addenda for T £ 4 K:
(iif Thgrmometer‘compOSed of
© 0.0025 g carbon:éé/
"0;003‘9 Mylar:l/
:4'0;006 g epoxy:é/

lead/tin film:

". Total:
.”(2) Heater composed of

‘2.8 cm of 0.0025 cm
- diameter Pt/W wire:==

2 cm of 0,01 cm
diameter Ni wire:—

0.05T + 3.4 x 10~

0.05T + O.ZST3 erg/K

0.14T + 0.88T°

0.30T + 1.30T°

negligible in super-
conducting state

'O.ST + 1.4T3 erg/K

ST-2 erg/K

O;1T3A(superconducting state)

Totals 3.4 x 1070172 4 0.05T + 0.17° erg/K

(3) .0;001 g GE 7031 varnishréz/ 0.07T + 0.2'1‘3 erg/K
(4). Fishing line (nylon), 0.01 g B 3
. (see comment below): 0.5T + 2T erg/K

Addenda total = C,= 3.4x 107772 4+ 1,17 + 3.77° erg/K

We have for T = 0.1 K, Ca/T3 = 117 erg/K4, and for T = 0,3 K,

= 16 .erg/K . From Fig. 4, the excess over line A is 150 erg/K4
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: A _
at 0.1 K and 17 erg/K at 0.3 K. Thus Ca accounts in a rough way
for the measured heat capacity. It should be noted that the fishing

line, whiéh,makes up ~50% of the addenda mass, has never been

58/

independently‘measured. However, it is an amorphous material,—
and so the specific heat of epoxy has simply been assumed.
‘'The heat capacity curve for sample 0 h (uﬁannealed, mass

5.34 g) in Fig. 4 is fitted well by the folléwing'expression:

Do/ o= 1.5a7710%% 4 318 ergk?

3 3

= Ca/T cxtal/T

where Ca/TB.is the addenda heat capacity divided by T3 (to be

- fitted; not identical with the estimated Ca above); and foal/T3
is the chtribution of the quartz crystal. ‘Cxtaliis assumed to
L ’ -1.99

, 3 S
a1 % T)+ The 1.54T

be entirely Debye-phonon-like (i.e., C
term has3thghﬁemperature dependence of a glass, whiéh is to be

: expecfed Sincé the addenda is almost all amqrphoué; ~The constant

' portioh‘of Ca)?3 is estimated by assuming that thei@grve Ca/’r‘3 has
fhe séme.génera1~shabe as the'specific heat.éurve for vitreous
.silica for T 5,4 K. (Equivalently, it is assumed that the averagé
'veiocity of sound in ﬁhe addenda is similar té that'ip vitreous
silica). 'Wé.find

1.99

Ca/T3 = 1.541" + 0.9 erg/k’

which leaves for the quartz crystal,

3 4
= Q
| Cxtal/T 30.9 erg/K
. The above Cxtai/T3 corresponds to a Debye phonon heat capacity,
. ! - [ of o
phonons of average velocity v = 4.4 x 10° cm/s, which agrees with

the average value computed from. elastic constants.ll/
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Itléhbuld be noted that the fit to the addenda for T > 0.6 K
is not critical, since the glass-like excitations measured in the

samples are dominant in the T < 0.5 K range.

Finally, we note that for the diffusivity technique, the

- addenda heét capacity. was negligible, No fishline was used, and .

‘the thermometer was constructed half as massive as the weak-link

thermometer. Hence, théAaddenda heat capacity wa;.cut by a factor

- of 4, and‘would contribute only about 2% to the measured specific

heat ~of sample 270 h or 2100 h in any temperature:range.
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APPENDIX B

THERMAL CONDUCTIVITY LIMITED BY INCLUSIONS

In<£he Boltzmann and Debye approximations, the following

expression.giVes the thermal conductivity x in the low-temperature

: 11,59

limit (T <<'T y T ~ 500 K for quartz==%==') 'if the mean
: . Debye Debye o :

free péth.as_a function of frequency, £(w), is known:

3 a;4 X dx
AT f X e cox £(2mkTx/h)

o (e - 152

where A =-%(}E2=l vi-z) 1.57 x 10° wem 2 k™4 if the velocity v

of the ighgpolarizatidn phonon is expressed in cm/s and £ is ex- |
pressed ihucm. The k and h are Béltzmann's constant. and Planck's

‘constant,;réspectively. For quartz,li/ A =8.7 x510-3 W cm-z‘K-4

.The sample O h conductivity fits in Fig. 5 were derived
from the foiiowing mean free paths (see p. 25):

Before anneal: e‘

B = 0.81 cm A
e, = 2.2 x 107% @ s wd, <.>< 6.5 x 10t} g7t
£, = 0.027 cm, ' Cw>6.5 x 10 57!
After annéal% ' ZB =‘0.81 cm ‘
o e =1ax10 st w0, wea xS
£, = 0.045 cm, w>1.3x 100t 578



APPENDIX C

SPECIFIC HEAT DATA

This appendix lists the heat capacity and specific heat data
by sample. The unit of temperature T is Kelvin (K). If the weak-

link method was used, the volume of the sample is'given, and C'/T3

denotes the heat capacit? of the sample with addenda, divided by TB,
in units-erg/K4. The column C/T3 is the specific»héat (divided by
T3).of tﬁé*sample only. Subtraction of the addgnda‘heat'capacity
is describéd in Appendiﬁ A. The units of the specific heat-divided
by T3 arg,eréucm-3 K-4. For data taken b& the diffusivity method,
coiumn C/T3 i$ specific heat (divided by T3). The hgat capacity of
the diffuéiviﬁy addenda wasAnegligible,.as discussed in Appendix A,

The scale factor (see p. 18) for the diffusivity spécific heat is

given; the listed data are not scalcd,
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0 h, 2,015 cm’
T e
0.0985 174
.1032 153
.1077. 149"
.1090 148
L1125 140
.1198 136
.1261 122
- .1320 123
.1383 L1137
.1461 106
.1510 101
.1510 97,0

.1582

0 h annealed 840°C, 1.874 cm™

- 94,2

T ch/T3 C/T3
0.1102 687 - 300
.1251 506 219
.1513 328 140
.1879 206 87.6
.256 122" 52,9
.404 59.7 26.9
.408" 58.0 26.0
.748 © 35,3 17.1
1.052 31.7 15.7
. 1.990 32.0 1641
6.26 17.7

34.4

T cr /T
0.1680 86.3
.1759 82.9
.1834 76.5
.1910 73.4
.2026 68.1
.2234 6l.4

,2402 55.9 -
L2674 50.7
.2923 50,8
.304 45,7
.331 45,2
.342 42.2
.368 41.6

3

wn
D

T ¢’
0.396 38.2
.534 36.7
.557 36.6
.660 34.1
.797 33.6
.811 35.3
979 34.6
1.123 33.1
1.390 32.6



3h, 2.000 cm®

220

T o’
0.1362 - 379 149
1370 358 -138
.1389 . 340 131
.1529 299 117
L1558 . 262 ‘99,2
.1687 - 244 95.0
.1688 234 90.2
.1929 182 70.4
.209 161 62.6
.255% 117 - . 46.4
.293 97.7 39.5
3 h annealed 370°C, 2.00 cm®
T c"/'r3 C/T3
0.1366 ~ 330 124
.1676 219 - 82.1
.1949 157 58.1
.221 119 43,6
.296 68,2 25.0
.396 56.4 22.9
+399 55.8 22.7
-~ 3 h annealed 840°C, 2.00 cm
T ey gt
.0.1261 - 609 1257
1364 497 208
.1366 505 212
+1367 508 213
.1507 393 163.
.1670 .- 315 130
.1908 - 241 99.3
.1908 - 234 95.8
180 74.0

T ,C'/T3 C/’I‘3
0.397 68.5 29.0
.523 66.7 30.1
.733 82.9 39.6
.836 103 50.0
.946 103 50.1
- 1.057 103 50.5
1.249 92.0 45,1
1.674 - 73,3 35.9
2.33 49,7 24.3
4,18 36.7 17.8
7.30 39.6 19,1
T C!/TB C/T?
0.631 73.7 34,5
.895 102 49,7
1.056 110 53.9
1.205 108 . 53.0
1.678 78,2 38.4
3.03 41.5 20.2
T cr/r® o/
0.257 138 57.1
.315 97.8 40.8
.399 67.7 28.6
.525 .49.9 21.7
.731 39.0 i7.6
1.045 35.8  16.7
1.674 34,7 16.5
2.39 34,4 16.6
6.24 38,5 18.7
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27 h, 2.01 cm’
T cy/r o

0.218 1247 107
.240 250 111
.244 229 101
271 209 93.7

4299 196 89.1
.306 - 174 78.6
.e328 165 75.2
.378 . 158 73.1
.409 151 70.4

 .427 - 165 78.0
.485 177 84.9
.531 211 102
537 209 . 102
.538 210 102

4553 ‘230 112

" 562 259 127

.584

.27 h annealed 840°C, 1.811 cm

257

126 |

T c"/"r3 c/'r3
0.1905 118 41,6
. .204 . 107 38.4
.211 " 99.1  35.4
278 . 88.6 32.4
.252 © 77.6 29.1
279 7042 - 2745
.316 60,1 . 24.3
397 1 47.8 . 20.5
.518 39,4 .18.1
.883 34,5 17.5°
1.276 16.9

32.5

3

T c/T /T
0.593 266 130
.597 269 132
.650 . 325 160
.656 337 166
.682 360 178
.689 374 181
.729 385 190
.742 388: 192
.808 456 226
.838 476 236
.858 483 239
1.017 521 258
1.187 . 519 - 258
1.507 1381 189
1,732 298 148
2.62 110 - 54,6
3,01 39.1

- 78.9

6l .
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270 h, 2.108 cm

T o/ o

0.359 321 147
2393 7 319 146
413 339 157
.443 346 160
460 - 377 175
536 47 221

639 671 316

270 h annealed 370°C (1 h), scale factor 0.55

T

c/1>

0.1890 -. 1150

207
.227
.250
‘a275
»303
.332
.370

270 h annealed 840°C, 2.102 cm

1000
‘874
. 786
675
- 600
500
445

T Yy SO
0.288 . 416 189
0317 367 167
.349 321 147
.374 297 136
.402 - 265 122
.436 . 248 114 .
.445 229 105 -
.487 . 234 108
.501" 111

240

270 h annealed 840°C, scale factor 0.80

e/
0.1930 512
.229 348
.229° 343
.260 312
.273 . 288
316 216
.316

217 -

127

T c'/'r3 C/T3
0.751 920 435
.960 1110 527
.960 1090 515
1.066 1160 549
1.198 1120 530
1.475 941 446
1.854 531 252
T ¢/r3
0.417 419 -
.443 453
.540 586
.614 718
.720 886
1.050 1150 -
1.171 1100
T c-/T3 c/T3
0.555 241 . 112
610 242 - 113
. 740 268 126
.899 293 139
1,049 300 142
1.068 288 136
1.307 234 111
1.499 200 94.6
T o/
0.360 181
.438 142
.573 127
.784 149
1,042 159 -
1.314

62



'~ 2100 h, scale factor 0.85

R S I Y o
0.1804 .- ‘344 ~ 1.042 82.1
1976 . 297 B 1.191 79.5
.2Y6 . 256 1.422 64.0 -
.226  ..230 . - 1.630 52.9
237 215 1.910 45.5
.286 164 S '2.59 31.1
.368 107 3.05 29.5
.436  83.5 . 3.59 28.4
<547 68,9 [ POy 3047 .
.675- .. 8l.6 , 4,86 31.5
:823 '81.6 : _ 6.02 41.1
2100 h annealed 3709C, 2.24 cm®
T . c'/'r3 C/T3
0.732 93,5 40.1
.828 - 84.8 36.5
1.044 71,9  -31.1
1.044 72.5 31.3
1.662 . 58.3 - 25.4
2.74 . 54,9 24,0

4.92 .. 67.3 | 29.5

- 2100 h annealed 370°C, scale facltor 0.85 .

R
0.1890 - 319
228 " . 254

.249° 200
298 - ..-145

.386 101

 .830 41.4
1.050 °  36.7
1.700 . 29.9

7.34 . . 44.8



~y

64

APPENDIX. D

THERMAL CONDUCTIVITY DATA
: ' !

Tﬁis éppendix lists the thermal conduétivity data by sample.
The unit éf»femperature'T is Kelvin (K). The uﬁiﬁsiofvthefmal con-
ductivifyxk.are w.em™t k71, wE-ne following a number denotes x 107,
where n isAéome integer. Unless otherwise néted,xtﬁe conductivity

was measured in the "central region" (as defined in Chapter II, A.).

The rectangular cross section of each sample is given in units

‘cm X Cm.



0 h, 0.403.x 1.006

T

Kk

<

0.0470 1.89E-5
.0519 " 2.56E-5
.0578 3,48E-5 .
.0630 . 4.49E-5
.0692 = 5.89E-5
.0763° ' 7.80E-5
.0837 1.02E-4

-~ .0919 1.34E-4
.1114 . 2.28E-4
.1325 . 3.80E-4
.1595 . 6.25E-4
.1907 - *1.02E-3
.228 1.64E-3

0 h annealed 840°C, 0.403 x 1.006

<

T
0.0471 .- 1.,67E-5
.0526 " 2.17E-5
.0580 2.69E-5
.0635 . 3,28E-5
.0700 3.99E-5
.0833 ' 5.60E-5
.0980 7<62E=5
.1148 1.02E-4

.1330

0 h annealed:840°c, outside region,

1.34E-4

T
0.274 2.61E-3
.393 5.81E-3
.47 8.32E=-3
.519 1.00E-2
.566 1.16E-2
.726 1.74E-2
971 2.71E=2
1.332 4 ,45E<2
1.636 6,46E-2
1.938 8.79E-2
2.49 1.44E-1
3.25 2.48E-1
T K

0.1536 1.78E-4.

T LK
0.0454 "1,39E-5
.0529 2.22E=-5
.0616 3.,53E-5
0703 "5.31E-5
U897 . 1.,12E=4 "
.1292 - 3.28E-4
«1547

. 5.56E-4

.201 ~3,03E-4
2232 4.11E-4
.324 8.49E-4
.587 3.35E-3
.949 1.03E-2
1.960 . 5.27TE=2
3.09 1.47F-1

0.403 x 0.451

T K
0.206 1.29E-3
.299 3.81E-3
411 9,47E-3
.512 1.81E-2
+B75 3.97E-2
1.72E-1

1.107
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3 h, 0.403 x 0.998

T K
0.0533 1.,77E=-5
.0678  3.37E-5
.1021° 1.05E-4
..1186  1.51E-4
<1357 2.22E-4
.1548 3.23E-4
.1896

3 h annealed 840°C, 0.403 x 0.998

5.46E-4

T K
0.0438 1.06E-5
.0482. 1.26E-5
.0532 .1.60E-5
.0614 ' 2.20E-5
.0720" 3.32E-5
.0826 4,20E-5
.0994 ‘6.03E-5
.1142 "~ 7.90E-5
$1329° 1.07E-4

T K
0.244 1.00E-3
.325 1.86E-3
.494 4,12E-3
<617 5.96E-3"
1.004 1.29E-2
1.596 2.68E-2
2.05 4,00E-2
T K .
0.1532 1.42E-4
.1997 2.52E-4
.228 3.35E-4
.325 7.78E-4
. .584 3.31E-3
+940 1.07E=2
1.426 2.83E-2
1.929° 5.74E-2
3.04

1059E"l ‘



27 h, 0.403 x 1.006

T - ' K T K

0.0536 1.09E-5 0.253 4,11E-4
.0689 © - .2,08E-5 - , .329 7.09E-4
21032~ 5,25E-5 - - . .613 J24.33E-3
.1183 7425E=5 . .823  3,92E-3

. .1185 7.32E-5 " 1.185 7.63E-3
- .1381 - . 1.05E-4 . 1.545 1.15E-2
.1404  -1,09E-4 4 1.740 1.31E-2
41615 1.50E-4 ‘ 2,00 . 1.65E-2

.1951 ' 2.31E-4

27 h annealed ‘840°C, 0.403 x 1.006

T Lk ' - T K
0.0590 . 1.36E-5 ' 0.1963  2.14E-4
.0742 2.35E-5 : .224 - 2,96E-4
.0853 3.21E-5 S o W322 7.30E-4
.1001 4,65E-5 . - o .588 3.32E-3
.1136 - 6.11E-5 ' C 945 1.06E-2
.1330  B8.68E-5 S 1.944 5.,13E-2

.1499° ° 1.14E-4 , , - 3,07 1.25E-1

27 h annealed 840°C, outside region, 0.403 x 0.446

T K . : T K
0.0481 - 1.16E-5.  0.1046  1.16E-4
.0570 . 2.,02E-5 .1537 . 3.55E-4
.0626  2.61E-5 , 1674  4.54E-4
.0729 . 4.06E-5 - 230 1.12E-3

.0901 - 7.76E-5 ' .313 2,72E-3



270 h, 0,409 x 1.026

T [
0.1091 - S5.0lE-6
.1246°  6.29E-6
.1529 9.47E-6
.1704 - 1.17E-5
201 1.62E-5
.230 2.10E-=5
4.44E-5

342

270 h annealed 840°C, 0.410 x 1.026

K .

T K
0.1045 . 5.06E-6
. 1203 6.50E-6
- w1379 '8.39E-6

.1592 1.10E-5
.1841 1.44E-5
.211 - 1.85E-5
.261 2.73E-5
.351 . 4,55E-5
0522 '8.58E-5

0.557 1.07E-4
C L9622 2.77E-4
© 2,11 8.58E-4
3.16 1.29E-3
5.86 2.09E-3
7.78 2.16E-3
T K
- 0.806 1.62E-4
1.213 2.69E-4
1.365 3.10E-4
2.19 4,91E-4
2.61 5.59E-4
. 3,09 6.26E-4
‘4,74 7.89E-4
6.91 9.11E-4
7.30 9,26E-4
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0.420 x 1.058

7.34

2100 h,
T . ~
0.1622  1.56E-5
.1872 " 2.01E-5
.215 © 2.62E-5
.247 3.37E-5 .
.286 4 ,48E-5
1 .333 5.97E=5
.518 . 1.36E-4
622 - 1.90E-4
.849 3.36E-4
.854 - 3.37E-4
1.066 5.01E-4
2.11 © 1.47E-3
3.17 © 2.40E-3 -
4,36 3,26E-3
. 5,99 4.11E-3
7462 "4,43E-3
2100 h annealed 370°C, 0.420 x 1.058
T K
0.175 1.76E-5
.237 3.1E-5"
.830 .3,0E-4

4,0E-3
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We use the "domlnant phonon approx1mat10n'" "the peak of the
Bose-Einstein phonon distribution occurs at a phonon frequency

v 21011 T Hz, T

- cm/s) /wavelength.

in Kelvin. . Then 1011 T = velocity (~4 x 105
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"Schottky two-level specific heat" refers to the specific heat

of a density, N,
energyAsplltting

of non- 1nteract1ng two-level systems, all with
E: Cg = Nk(E/2kT) sechZ(E/ZkT), where k is

Boltzmann's constant.

By way of example, the behavior of a sharp energy distribution

of tunneling systems in alkali halides is given in Ref, 12. A
strong-dip in the thermal conductivity occurs near the temperature
of the peak in the specific heat. We note that the coupling
strength of glass-liké excitations to the lattice is similar to
that of the above tunneling systems (B, Fischer and M. W. Klein,

Phys. Rev. Lett.

43, 289 (1979)31. Even so, a sufficiently sharp

density of states would not affect the conductivity. The excel-
lent. fit of our Schottky curve implies (Ref. 12) a width in the
density of states of £ 0.1 K. Hence, it is unlikely that the
Schottky excitations are causing the broadly lowered thermal

conductivity of the 3 h and 27 h samples compared to the O h

sample (all before anneal).
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Despite the different expressions for the thermal conductivities

of sample 270 h

before and after anneal, the conductivities were

the same within 5% from 0.,1-0,5 K.

g
for T < 0.6 K;

"We have assumed "

-3 -1

= (46,0 + 2.3) Tl -35 £ 0.05:_ 17.8 T3 erg cm ~ K
4 1.8 ¥ 0.05 -1 -1

Kg.= (1,61 * 0,05) x 10" T '9 Wem “K-7,T<1 K,

W' is the same for all sampleé{ See Ref, 14.

The conclusion holds also for 3 h before anneal and for 3 h after

the 370°C anneal:

the specific heat in all cases is large.
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E in Kelvin units, From Ref, l4,ing(E) = 1,04-x 10

The conductivity of the- annealed outer region of sample 0 h was
used in Eq. 2. The 0 h outer sample possessed the same cross
section as the 27 h outer sample. There is no ambiguity from
"inclusion" scattering: no inclusion scattering was observed
in the 0 h outer region (Fig. 5). :

This may suggest that the production of glass-like excitations
by the neutron irradiation is a function of the original per-
fectién of the crystél. :

See Billington, Ref. 22 p. 252 (magnetic centers) p. 259
(extlnction coeff1c1ent).

In the tunneling states model, K a.n-l, where n is the (approxi-

mately) energy-independent density of glass-like excitations.

If Kg (>('T2"n/a§32 and K, a(.TZ-m/rxz, where g and x refer respec-

tiveiY'to vitreous silica and an irradiated quartz sample, the

. tunneling states model assumes ng(E) & E" and n (E) E", where

n is ﬁne number of excitations per unit energy per unit volume.

Theréfére, assuming )a = ¥, the number of excitations per unit

_ - , 1K C (1K Ko(E)

volume up to 1 K in sample x is j n, (E)dE ='I n_(E)—1——E,
o - 0 ‘ 0 9 kK x(E)

33 E0.35

-1

erg ‘em=3 if E is expressed in Kelvin,

In pafticular, the cause of the "plateau" in Kk is not known,
and the specific heat above 1 K becomes domlnated by phonons
with non-51mp1e dispersion relations. :
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