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We report the results of a systematic study of the influence of heat treatment on the tunnelin@ Sates
neutron-irradiated quartz. Measurements of the ultrasonic attenuation and velocity change are carried out
before and after heat treatment, as a function of temperé@u8e 300 K and in the ultrasonic frequency range
(50-650 MH2z, on well-characterized specimens. Two doses have been studied, irradiated, and heat treated
under similar conditions. One dose is lying well below the so-called threshold dose, the other is situated near
the threshold. From numerical fits of the data with the tunneling model, the density ofRtatesthe coupling
parametery were determined independently. This allows us to investigate the influence of the heat treatments
on the number and nature of the TS. Attention is paid to both the influence of the annealing temperature and
the length of the heat treatment. All samples still show the typical TS behavior after heat treatment, but the
density of states is drastically reduced. Regarding the coupling, the two doses show a different behavior: while
there is no influence on the coupling for the higher dose, a significant decregsis imbserved for the lowest
dose. This decrease can be interpreted in terms of changes in the tunneling entity itself and is in agreement with
the changes in the distribution of the TTS0163-182606)06618-(

[. INTRODUCTION which has to be attributed to the tunneling mechanism itself.
These results gave evidence for e, Dauphinetwins as
In recent years, it has been well established that the lowmicroscopic origin of the “crystalline” TS, leading to a de-

temperature propertitsf amorphous solids are successfully scription of the tunneling mechanism as a rotation of coupled
described by the existence of low-energy tunnelingSiO, tetrahedra.
excitations? These so-called tunneling stat@sS) turned out This paper deals with the results of a systematic study of
to have a wide distribution of energies and relaxation timesthe TS in neutron-irradiated quartz after heat treatment. It is
their microscopic origin, however, is still unclear. In an at- known that, depending on the dose, neutron-irradiated quartz
tempt to contribute to this study, crystalline solids with de-evolves after annealing te-quartz or toa-SiO,. According
fects have been investigated, allowing a comparison betwee Mayer and Lecomte the threshold separating these two
the type of disorder and the TS. In particular neutron-regimes is situated around a dose of approximatedyl@®
irradiated quartz turned out to be very attractive as a modat/cn?. However, this dose is not well defined and should
of the glassy state, since varying the neutron dose allowsather be seen as a “threshold region” instead of a sharply
continuous structural variations from the perfectly ordereddefined threshold dose. Figure 1 represents the evolution of
crystal to the amorphous network disorder. In our laboratoryneutron-irradiated quartz after heat treatment: quartz irradi-
an extensive study of the TS in irradiated quartz is beingated up to a dose below the shaded threshold region evolves
carried out. The ultrasonic attenuation and velocity changafter annealing te--quartz. The mass density of these speci-
have been measured on well-characterized samples, irradinens will thus increase after heat treatment. For doses above
ated under similar conditions, in the same reactor. These irthe threshold, the mass density of the irradiated samples de-
vestigations clearly evidenced that neutron- and electronereases after annealing, the specimens evolva-&iO,.
irradiated quartz show “glassy anomalies,” which can beGardner and Anderséh carried out measurements of the
explained by the presence of tunneling states, similar in nathermal conductivity and specific heat on neutron-irradiated
ture to those in vitreous silica but with a lower density of quartz and concluded that the TS excitations remain un-
states ™ In the dose range studied in our laboratory, thechanged after heat treatment. However, whereas thermal ex-
density of states was found to increase with increasing dos@eriments involve averages over energies, acoustic measure-
The coupling parameter appeared to be somewhat smallenents are monochromatic and reveal information about the
than in vitreous silica, with a tendency to increase slightlyTS in a specific spectral region. Therefore, ultrasonic mea-
with the dose. The measurements made also clear that the BBrements can give additional information about the behavior
do not only reside in the “amorphou§’tegions: an impor- of the TS after heat treatment.
tant part of the TS in irradiated quartz has to be attributed to The experiments discussed in this work are carried out for
the remaining “crystalline” part of the samplédn order to  two doses: N4(1.2x10*° n/cn?), lying well below the
obtain more information about the origin of these “crystal- threshold, and N&4.7x 10" n/cn?), situated near or in the
line” TS, we carried out recently ultrasonic measurements irthreshold region(see Fig. 1. The samples have been heat-
neutron-irradiatedz-cut quartz(whereas all previous mea- treated for various annealing times and at several tempera-
surements involved onlx-cut specimens® This study re- tures. After each heat treatment, measurements of the ultra-
vealed a remarkable anisotropy in the behavior of the TSsonic absorption and velocity change are performed as a
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FIG. 1. Density of neutron-irradiated quartz
2.4 for doses below and above the “threshold dose”
of 6x10%° n/cn? (E=0.3 MeV). (a)=our dose
N4, (b)=our dose N6.
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function of temperature, at different frequencies. This pro-sumptions of the tunneling model is thatand \ are inde-
vides us with an extensive series of data, which are quantipendent of each other and are uniformly distributed:
tatively analyzed with the tunneling model, and allows a _

study of the influence of heat treatment on the TS parameters P(A,N)dAdN=PdAdA (1)

gﬁnaezfirr]glgggf the dose, the annealing temperature and tr\‘/‘\%th Pa constant, the density of states of the TS. This equa-

tion can also be written in terms & and Ag:

Il. THEORETICAL CONSIDERATIONS

P(E,Ag)= AEZ_AQ)T2

@

In the tunneling mod@lthe TS arise from atoms or groups
of atoms which have two possible equilibrium positions of
nearly equal energy. They are presented as partighih
total massm) moving in an asymmetric double well poten-
tial, with distanced between the two minima and a barriér
separating the well@Fig. 2). The energy difference between
the eigenstates is given tﬁ:\/A2+A02 where A is the
asymmetry of the double wellA, is the tunnel splitting,
given byA,=% exp(—\) and\ describes the overlap of the
wave functions[A=d(2mV/%?)Y?]. One of the basic as-

The effect of the TS on the low-temperature ultrasonic prop-
erties arises from two different mechanisms. First, the sound
wave will be resonantly absorbed by those TS having an
energy splittingE corresponding to the phonon ener(fy
=hw). Because of the wide distribution of energy splittings,
this process occurs at all frequencies and leads to a
frequency-independent but temperature-dependent change in
the velocity of sound, given B

w(T)—w(T T Py¥ T
M=Cln—=—lzln— 3

\ / V(To) TO pV| TO

\\ /’ provided thathw<<kT. T, is an arbitrary reference tempera-

I ture andy, represents the coupling of the TS with the longi-
tudinal phonons. For our absorption measurements, this pro-

v cess need not be considered, since its contribution in this
)\ high-energy experiment is negligible.
AT The second process is the relaxational process. According
A ) to the tunneling model, a strain wave changes the energy
t splittings of the asymmetric double well potentials of the TS.
d In this way, the thermal equilibrium distribution of the TS is

disturbed. In dielectric amorphous materials, the return to the
FIG. 2. Formal presentation of the tunneling states according t@auilibrium state occurs via interaction with the thermal
the tunneling model; V=barrier height, A=asymmetry, and Phonons. At low temperatures, the most dominant process is
d=distance between the minima. the one-phonon process, giving rise to a relaxation rate,
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K3:pwh4 -k (4  Analytic solutions can be found for the limiting cases
| t

w1,>1 and wr,<<1 and are briefly discussed here. For the
low temperatures, the conditionr,,>1 is satisfied. In this
case, the relaxational attenuation is frequency independent,
showing aT? behavior*?

where y and y; represent the coupling of the TS with, re-
spectively, the longitudinal and transverse phonons.

The distribution given by Eq.2) has direct consequences
for the relaxation times of the TS. Since the relaxation rate 3352 /2 2
7 lis proportional to Ay/E)? [see Eq(4)], a given energ§ 1 TKPY (1+ 27‘)1-3_ (8)

implies a distribution ofr *:1 28023 (07 Ty

— In this regime, the relaxation process gives a negligible con-
P(E,r Y)dE del_E T (5) tribution to the velocity chang¥. For the wr,,<1 regime
L - - . . .
2 [1— 7(E)/ 7] T2 (higher temperaturgsthe ultrasonic attenuation is tempera-

ture independent
with 7, the relaxation time for the fastest relaxing TtBose

for which Ap=E). Taking into account the distribution of the Tw TwPvy2
. ? . . . -1 Y
relaxation times, the relaxational attenuation can be written el =5 C=——>— 9
243 2y 2pv
L This is the so-called plateau in the attenuation, which varies
1 y|2 Emax 1 w?T P A\2 linearly with the frequency. It is a direct consequence of the
rel = m— fE _ L 1+?2u1-w)?2\E specific distribution of relaxation_ timgs. The variation of tht_a
min max velocity of sound depends logarithmically on temperature in
X secH(E/2kT)du (6)  this regime and is frequency independé&nt:
with u=Ay/E=(r/7)Y2 Note thatl . is proportional to WD-—uTy _ 3. T _ 3 Py? AL
2 2 . - . —_— - = R
w?7(1+w?7), which means that the most important contri- (To) 5 ClIns 2 02 " T, (10

bution comes from those TS with=1.
The expression for the variation of the sound velocity dueThe expressions given so far are valid provided that the TS
to the relaxational process is given'By relax via absorption or emission of a single thermal phonon.

TABLE I. Ultrasonic attenuation and velocity measurements carried out after heat treatment for the dose
N4 (1.2x10™ n/cn?, K2Ni) and for the dose N&4.7x 10 n/cn?, K4Ni). For N4 all the measurements are
carried out using a cavity. For N6, using LiNp@ansducers.

Density Frequency
Sample Heat treatment (glcnt) (MHz)
K2N3 a 2.636:0.002 648°
1 h, 306 & 400 °C? 648
1 h, 530°C 64&C
1 h, 590 °C 64&C
1 h, 700°C 648°¢
2 h, & 3 h, 700°C 648
14 h, 700 °C 2.6580.002 648
K2N2 0 min, 840 °C 2.6580.002 648
K2N1 15 min, 840 °C 2.6580.003 648 400
K4N2 2.559+0.002 50° 340°¢
15 min, 840 °C 2.5910.003 750 310°°¢
1 h, 840 °C 2.592:0.003 84° 305° 31¢°
K4N4 1 h, 700°C 2.5960.002 80P 210P 305¢
2 h, 700°C 2.596:0.007 80° 340
17 h, 700 °C 2.5930.003 80° 310P° 305°¢

#These data are part of the Ph.D. thesis of A. Vanelstrdété). Leuven, 1988, unpublishgd
bAttenuation measurements.
“Velocity measurements.
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At higher temperatures, above a few Kelvin, the Raman pro-
cesses need to be taken into accddrt. modified relaxation :
time 7 has to be introduced: =731+ 7,1 in which 7, is - o
the relaxation time for the one-phonon processes arttle [
relaxation time for the Raman process. This additional pro-

cess causes a stronger temperature dependence in the transi
tion region from thewr,,>1 to the wr,, <1 regime.

10

0.1 E
I1l. EXPERIMENTAL DETAILS AND SAMPLE :
CHARACTERIZATION

Five synthetic quartz samples, cut and of high purity
(impurity content is given in Ref.)4vere shaped into cylin-
drical rods with 3 mm diameter and 8 mm length. The end
faces were polished optically flat and parallel for ultrasonic
studies. All samples were irradiated with fast neutrons oo L L hatooe aresaling)
(E=0.3 MeV) in the reactor at the Studiecentrum voor
Kernenergie(SCK, Mol, Belgium. Three of these samples i o 1 hour 700°C
(called K2N1, K2N2, and K2NBwere simultaneously ex-
posed to a dose of 1:210'° n/cn? (further denoted as N4 0.0001 o
the other(K4N2 and K4N4 were irradiated under the same ' 01 1 10 100
conditions and during the same reactor cycle, up to a dose of TEMPERATURE (K)
4.7x10' n/cn? (labeled N@. Since the mass density is
known to be an unambiguous parameter for the induced _ _ )
damage, accurate mass density measurements were carriedFlG' 3. Ultrasonic attenuation measurements as a function of

témperature for neutron-irradiated quartz Ndose 1.X10'°

out after the irradiations. This allows reliable compansonsnlcmz), before(top curvé and after heat treatmentra h at 300 °C

with other samples, irradiated in different reactors. Eacl‘ttOIO curve and 700 °C(lower curve. Frequency: 648 MHz. — :
sample was then subjected to heat treatment, covering &fcurve.

annealing range from 300 to 840 °C, for times varying be-

tween 0 min(immediate coolinganq 17 h. Before and after IV. EXPERIMENTAL RESULTS AND DISCUSSION

these thermal treatments, ultrasonic measurements have been

carried out as a function of temperature. Table | gives a  A. Ultrasonic attenuation and velocity measurements

summary of the different heat treatments and the experi- after heat treatment for a dose

ments discussed in this paper. The mass density of the of 1.2x10'° nfcm

samples, measured before and after most of the heat treat- In this section, we will discuss ultrasonic measurements

ments, is also given in the table. carried out after heat treatment of the samples K2N1, K2N2,
Measurements on unirradiated quartz have been extemnd K2N3, all irradiated with a dose of X240 n/cnt.

sively discussed beforésee for instance Ref.)4and are Three parts can here be distinguished: first, we discuss ex-

therefore not reported in this paper. The measurements afgriments carried out as a function of the temperature of the

carried out using a standard pulse-echo technique for fpeat treatment, covering an annealing range from 300 to

transmitting and receiving. Accuratdv/v measurements 700 °C, a second part involves measurements after heat treat-

were possible with a modified pulse-interference technifue. ment at 840 °C; the last part of this section concerns mea-
The longitudinal waves in the samples K2N1, K2N2, andSurements after heat treatment at 700 °C, as a function of the

K2N3 were generated by surface wave excitation. For meg@nnealing time.

surements on the higher irradiated specimens K4N2 and

K4N4, a LiNbO; transducer was attached to the sample for 1. The influence of heat treatments at 300 to 700 °C
converting the electromagnetic signal into an elastic wave, The attenuation as a function of temperature in K2N3,
since the irradiation damage deteriorated the efficiency of thafter heat treatment fd. h at300, 400, 530, 590, and 700 °C
surface wave excitation in these samples. At the same timéas been measured. Figure 3 gives the results for 300 and
this technique allows measurements at lower frequencie§,00 °C. The results for 400, 530, and 590 (G@®t shown in
down to 50 MHz. Measurements at these frequencies werthe figurg are similar and the attenuation decreases with in-
not possible using surface excitation because the length afreasing annealing temperature. All measurements are car-
the cavity becomes unpractically long for frequencies belowied out at a frequency of 648 MHz. The attenuation before
200 MHz. The transducer is bonded to the sample on one dfeat treatment and afté h at 300 °C arédentical, therefore

the parallel faces. Amongst the various materials used asnly one of them is shown. All curves show a similar quali-
bonding agent, Nonaq stopcock grease was found to give thative behavior: at the lowest temperatures, the typical
best results for our experiments. behavior for the regime,,>1 of the relaxation absorption

001 |

o
@
®
a
o

ULTRASONIC ATTENUATION (dB/cm
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0 an annealing temperature of 700 °C and for the as-irradiated
sample. The data for 530 and 590 bt shown in the fig-
ure) are situated between. All the data show a similar quali-
tative behavior: at the lowest temperatures, the velocity
change increases logarithmically with increasing tempera-
ture, which is the result of the resonant interaction between
the TS and the phonons. The maximum at abbl and the
observed velocity decrease at higher temperatures corre-
spond to the region where the relaxation process becomes
important. Although the qualitative behavior of all curves is
similar, the velocity change decreases with heat treatment.
This clearly follows from the slope of the logarithmic in-
crease, which becomes smaller with increasing annealing
temperature: aftel h at 700 °CAv/v between 0.6 and 1 K
is only 50% of the change before heat treatment. These re-
sults are consistent with the attenuation measurements and
: indicate that the density of stat&sof the TS significantly
2 changes after annealing. Since the temperature of the maxi-
:P‘ Bé mum inAv/v, T iS about the same for all the curves, the
@ coupling parametes; between the TS and the phonons will
° be of the same order of magnitude before and after the heat
treatments. Indeed, since this region corresponds to the con-
dition wr,~1, it can be calculated that,,~y 2°.
The measurements are quantitatively analyzed in the
framework of the tunneling model. The attenuation and the
FIG. 4. Ultrasonic velocity change measurements in neutronY€lOCity are calculated numerically, using E¢6) and (7).
irradiated quartz N4dose 1.X10° n/cn?), before (upper curvg ~ Raman processes are also taken into account, in order to
and after annealing fdl h at 700 °C{lower curve. Frequency: 648 describe the stronger temperature dependence above 4 K.
MHz. — : fitcurve. The best fitted curves for the attenuation and velocity change
are given in Fig. 3 and Fig. 4, respectively, for the data
is observed, which gradually levels off above 1.5 K to ashown there. As can be seen, there is good agreement be-
shoulder at about 10 K. This shoulder corresponds to théween the theoretical curves and the data. From these fits, the
plateau predicted by the tunneling model, but an exteided TS parameter€(~Py?), K3 [~=(yZ/v?)] and the Raman
range is masked by other procesgesch as anharmonic parameteiK, can be determined independently. The values
three-phonon processes and thermal relaxgtibat become obtained from attenuation measurements are given in Table
dominant in this temperature range. Heat treatment belowl. The table contains also the values for the density of states
530 °C appears to have no effect on the attenuation, from 1 P and the coupling parametey,. These parameters are
at 530 °C on, however, the absorption starts to decrease wiitheduced from C and Kj;, using the expression
increasing annealing. After heat treatment at 700 °C, they?/vZ=y?2/v? which is found to be valid for most of the
value of the attenuation at the plateau is reduced to abowmorphous solid$: and with v, =5750 m/s,v,=3840 m/s.
half the original value, but the shape of the curve remaindhe parameter€,K5,Py?,v,,P have also been determined
unchanged. This indicates that the heat treatment mainly afrom the variation of the velocity and their changes with heat
fects the density of statd® of the tunneling states. treatment are in agreement with those deduced from the ul-
The velocity change\v/v=[v(T)—v(Ty)]/v(Ty) as a trasonic attenuation data. The absolute values of the param-
function of temperature, has been measured before and afteters derived from attenuation measurements on one hand
annealing at 530, 590, and 700 °C. The measurements weasnd from the variation of the velocity on the other hand
carried out at 648 MHz; as reference temperatiige;0.58  differ by a certain factor, as is also found in amorphous
K is taken for all curves. The results are shown in Fig. 4 forsolids. This has been discussed in more detail in Ref. 4.

o before annealing
o 1 hour 700°C

30

20 +

10° AV

0.1 1 10 100
TEMPERATURE (K)

TABLE Il. TS parameters derived from ultrasonic attenuation measurements in neutron-irradiated(dpseta. X 10'° n/cn?) after
heat treatmentf =648 MHz. The accuracy fof andPy? is 10%, forK, and y; : 20%, for P 25%.K-, is of the order of 18

Before 300°C 400 °C 530 °C 590 °C 700 °C
Parameter heat treatment 1lh 1h 1h 1h 1h
C (1079 42 42 42 38 30 19
Ky (10" K3s7Y) 12 12 12 11.1 9.1 8.8
Py2 (1fgemis? 37 37 37 33 26 17
% (eV) 0.6 0.6 0.6 0.59 0.53 0.52

P (10*°cm 2erg Y 40 40 40 39 36 24
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treatment as a function of temperature for neutron-irradiated quartz
N4 (the duration of the heat treatmentssavh h for the heat treat-
ments at 300—700 °C and 15 min for the annealing at 840 °C

TEMPERATURE (K)

FIG. 6. Ultrasonic attenuation measurements in neutron-

Comparing the parameters obtained after heat treatmeittadiated quartz N4dose 1. 10" n/cn) before(top curve and
with the values obtained before heat treatment, we observeaiter annealing at 840 °Cbottom curve. The data obtained after
slight decrease oP and v after annealing at 530 °C, which heat treatment for 15 min, which have been reported before in Ref.
becomes more Significant after heat treatment at 590 an@ are added in dotted lines: top curve for 648 MHz, bottom for 420
700 °C. At 590 °C, already 10-15 % of the TS has disapMHz. — : fitcurve.
peared, at 700 °C, the density of states decreases with about i
40%. The changes ity are much smaller: after heat treat- @Nd were proposed by Comes, Lambert, and Guihiter
ment at 700 °C, the attenuation measurements show a dXPlain the damaged “crystalline” structure of neutron-
crease iny of about 13%. TheAv/v measurements also irradiated quartz. Breaking of bonds is not required for this
indicate a slight decrease Kf;, and thusy, , with heat treat- twin formation: small displacements of approximately 0.4 A

ment. This is in agreement with previous restfta: system- ~ cause the passage of chains of tetrahedra from their original

atic study of the TS as a function of the neutron dose re® configuration to the opposite one. These irradiation-

vealed thaty, increases with increasing radiation. Here welnduced displacements are essentially the same as those

come to a similar conclusion: after annealing, the damage i¥/hich are observed in an unirradiated crystal near dhé
the samples decreases, resulting in a decrease of the coupliffgnsition-" As the transition temperaturg,. (573 °Q is
between the TS and the phonons. approached, a dense network of Dauphiwés is formed,

Figure 5 shows the fraction of the density of states that i§"€ domain size becoming smaller with increasing

left after heat treatment as a function of the annealing temtemperaturé, while heating abover,, ; gradually removes

. 17 . . o
perature, as derived from the attenuation measurements. It {8€ twins.” When annealing an irradiated quartz sample that
remarkable thaP starts to decrease significantly from a tem- contains statically induced twin domains, we can thus expect
perature which is close to the-3 transition temperature. SOMe influence of heating at or abovg.,z. This is indeed

This transition occurs in unirradiated quartz at 573 °C, wherdvhat we observe here: while heat treatment at temperatures
the trigonal symmetry of the configuration tumns into the belovy the transition temJo_grature does not reveal any change,
hexagonalg structure. It is known that neutron irradiation & noticeable decrease Bfis observed when the heat treat-

affects this transition: for doses abovi 80° nicr?, no o~ ment is carried out at temperatures approaching and above

transition is observedquartz irradiated with such a dose Tap:
shows already a hexagonal symmetry before heat
treatmend). The fact that the influence of heat treatment
seems to become important when the temperature ap- Figure 6 shows the attenuation before and after heat treat-
proaches thex-g transition is interesting in view of the mi- ment at 840 °C. The attenuation has been measured for
croscopic origin of the TS. In a recent pafiene gave evi- K2N2 at 648 MHz and for K2N1 at 648 and 420 MHz.
dence that at least part of the TS is related to radiatiolK2N1 was kept at 840 °C for 15 min, K2N2 was immedi-
induceda;-a, twins. These twins consist of regions of Si0 ately cooled. From this figure, a drastic decrease of the at-
tetrahedra which are 180° rotated with respect to each othéenuation after heat treatment, as observed for lower anneal-

2. Heat treatments at 840 °C
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TABLE Ill. TS parameters derived from ultrasonic attenuation measurements in neutron-irradiation(dosetz1. X 10 n/cn?) after
heat treatment at 700 °G =648 MH2) and 840 °C(648 MHz: K2N2 and K2N1; 420 MHz; K2N1 The accuracy fo€ andPy? is 10%,
for K3 andy : 20%, forP 25%. K is of the order of 18

Before 700 °C 840 °C 840 °C 840 °C

heat 700 °C 700 °C 700 °C (K2N2) (K2N2)P (K2N1)P (K2N1)

Parameter treatment 1h 2h 3h 14 h (@ 15 min 15 min

C (1079 42 19 16 16 13 12 6.1 5.0

Ks (10' K 3579 12 8.8 8.8 8.8 8.8 5.9 5.9 6.3

Py2 (1P gemis? 37 17 14 14 11 10 5.3 4.4
% (eV) 0.60 0.52 0.52 0.52 0.52 0.44 0.43 0.44

P (10¥cm 3erg Y 40 24 20 20 16 22 11 8.9

3 2N2 was heated up to 840 °C and then immediately cooled.
bThese data have been reported before in Ref. 18 but are added for the sake of completeness.

ing temperatures, is clearly seen. Thédependence at the by immediate cooling has about the same effect on the den-
lowest temperatures, which is frequency independent asity of states of the TSsaa 1 hheat treatment at 700 °C.
shown by the measurements in K2N1, indicates that after

both heat treatments, there are still TS left. There is, how- 3. Influence of the duration of the heat treatment on the TS
ever, a significant difference with previous observations. In- In order to study into more detail the influence of the

stead of the plateau, predicted by the tunneling modgl, thﬁangth of the heat treatment, K2N3 has been further annealed
curves after heat treatment at 840 °C show a maximu t 700 °C. At first. two additional treatments & h were

around 10 K. This maximum is related to a particular effect., ried out finally, the sample was kept for 11 h at 700 °C

of annealing_on the_distributi(_)n of the _TS parameters and hal%sulting in a total annealing time of 14 h. After each heat
been extensively discussed in a previous papér.that pa-  treatment, the ultrasonic attenuation has been measured as a
per, we propose a slight modification of the tunneling modekynction of temperature for a frequency of 648 MHz. Figure
with a uniform but restricted distribution. Using the modi- 7 shows the data for 1 and 14 h. This figure shows that the
fied model, a consistent quantitative analysis of these mea-
surements can be obtained. This imposed “cutoff” in the
distribution of A can be described with an extra parameter
(7y/Tmin @nd implies that the broad distribution of relaxation 10
times, which is typical of the tunneling states, is also re-
stricted: TS with long relaxation times vanish after heat treat-
ment. Since this has all been explained in Ref. 18, we will
not go into the details of the modified model in the present
discussion, which concerns mainly the influence of heat
treatment on the density of stat€sof the TS and on the
coupling parametey; . Figure 6 also shows the fitcurves ob-
tained from numerical calculations with the tunneling model.
The parameters derived from these fits are given in Table I
together with those from a study at 700 °C as a function of
the duration of the heat treatment which will be discussed
furtheron. Note that, although the fits were determined inde-
pendently, we find within the experimental accuracy the
same parameters for the measurements in K2N1 carried out%
at different frequencies. A comparison with the data before
heat treatment learns that heating up to 840 °C redBces : ;.
half the original value. A less drastic, but nevertheless sig- C o U 1h700°C
nificant, decrease is found for the coupling parameteiThe I F
length of the heat treatment has also a considerable influ- L ﬁ‘
ence: when the sample is kept for 15 min at 840 PCde- @
creases with another 50%. Comparing the values from Table 9-901
Il with those from Table Il, we can conclude that the TS 0.1 1 10 100
parameters derived after heat treatments at 70(.°) and TEMPERATURE (K)

840 °C agree well with each other. The decreaseyobb-

served in the 840 °C measurements confirms the slight FiG. 7. Ultrasonic attenuation measurements in neutron-
changes iny found at lower annealing temperatures. And jrradiated quartz N4dose 1.X10'° n/cn?) after heat treatment at
the decrease o observed at 700 °Ql h) is followed at 700 °C, for 1 h(upper curvg and 14 h(lower curvé. Frequency:
840 °C. We note however that heating up to 840 °C followeds48 MHz. — : fitcurve.
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absorption decreases further as the annealing goes on, but
even after 14 h of heat treatment, we observeTtheehavior

at the lowest temperatures, indicating that there are still TS
left. The maximum that appears around 10 K is similar to the
observed maximum after heat treatment at 840 °C. As men-
tioned above, it indicates that the distribution of the TS pa-
rameters changes after annealing, as already mentionedg
above and is discussed in detail in Ref. 18. The best fitted =
curve for the given annealing time is shown in Fig. 7, Table
[l gives the derived parameters. As discussed abBvde-
creases with 40% aftel h at 700 °C.Table Il shows that
another 10% disappears affzh annealing and after 14 h of
heat treatment, we find a total decrease of 60% of the density
of statesP is thus largely affected by a prolonged heat treat-
ment, however, the remaining 40% which is left after 14 h
may indicate that after a heat treatment at 700 °C not all TS ! 340 MHz
will disappear, whatever the annealing time. Before discuss- 001 21 h700°C
ing this in more detall, it is interesting to compare these r a 305 MHz
results with the parameters obtained from heat treatment at i
840 °C. We found that heating up to 840 °C anneals 50% of
the TS (which requirs 2 h heat treatment at 700y@nd
after 15 min annealing at 840 °C, only 25% of the TS is left. 0.001 E—

m)

0.1

o before annealing

ULTRASONIC ATTENUATION

Thus both temperature and time have an influence on the 01 1 10 100
density of states. The higher the temperature of the heat TEMPERATURE (K)
';:gi;[irgr?m, the lower the time required to anneal a given TS FIG. 8. Ultrasonic attenuation measurements in neutron-

h . . irradiated quartz Ngdose 4.%10" n/en?) before (upper curve
In the following, we will try to relate the above observa- 4.4 after heat treatmeriower curve at 700 °C for 1 h. — : fit-

tions with the induced structural changes. The sample diss e

cussed so far was irradiated with a dose ofx11R'° n/cn?,

which is situated well below the threshold dose memio’?e%gions, which will not be removed by annealing and can
by Mayer and Lecomt& After heat treatment, the s_ar_np_le is 8ive rise to the long lifetime, typical G-SiO,.

thus expected to return to the crystalline state. This is indee

confirmed by the mass density: after the heat treatments, the
mass density was found to be the same as for unirradiated
guartz(see Table)l However, our ultrasonic measurements
still show a typical “glassy” behavior, due to the remaining
TS. A possible interpretation of this “incomplete” return to
the crystalline phase can be given in terms of the created The heat treatments discussed so far were carried out for a
disordered regions and their overlap. According to Grasseelatively low dose, situated well below the “threshold re-
et al,*® high energetic neutrons create defective regions wittgion.” The behavior of these samples after heat treatment is
a glassy structure and a density less then the crystal. Famdeed to a large extent in agreement with the predictions
relatively low doses, they form “islands” in the crystalline based on structural studies of Mayer and Lecomites mass
matrix. With increasing dose, these regions grow in numberdensity increased to that of unirradiated quartz and although
and will tend to overlap. Since the creation of these domainsve find that still 25% of the TS is left, there is a clear ten-
occurs at random, the probability of overlapping exists atdency to return to the crystalline state. In what follows, we
relatively low doses. It is however a very small probability, will discuss ultrasonic measurements after heat treatment for
involving only a small fraction of the sample, so that thisa dose of 4.X10'° n/cn? (labeled N6.2! This dose is situ-
overlap will not be observed in the density of the sampleated in (or neay the “threshold region” around 810

The disorder of these overlapping regions will then be toan/cn?, put forward by Mayer and Lecomte. The heat treat-
high to return to the crystalline structure after annealing, andnents are carried out under similar conditions as the heat
these clusters will rather evolve ®@-SiO,. This idea has treatments for the dose N41.2x10'° n/cnf) discussed
been put forward before by Laermaesal?® to explain the above, so that reliable comparisons can be made.

results of positron annihilation experiments after annealing The heat treatments discussed in this section are carried
of a sample irradiated with a dose of X00'° n/cn? (similar ~ out on two sampleglabeled K4N2 and K4N{ simulta-

to our N4. The heat treatment of that sample yielded a drasheously irradiated in the same reactor and during the same
tic increase of the long-lifetime component intensity. Thecycle as the dose N4 discussed above. K4N4 was subse-
result was rather unexpected, because the mass density of theently annealed fal h at300, 400, 530, and 590 °C before
sample recovered on annealing, as expected, to the value obaing heat treated for different times at 700 °C; the heat
nonirradiated crystal and in nonirradiated crystals, the treatments at 840 °@or 15 min and 1 hhave been carried
long-lifetime component is absent. It could be understood byut on K4N2. After each heat treatment, the ultrasonic at-
overlap of a minor part of the radiation-induced defectivetenuation and velocity change have been measured as a func-

B. Ultrasonic attenuation and velocity measurements
after heat treatment for a dose of 4. %10 n/cm?:
The influence of heat treatments for a dose
in the threshold region
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FIG. 9. Ultrasonic attenuation measurements in neutron- 0.1 1 10 100

irradiated quartz NGdose 4.%10% n/_cmz) after heat treatment at TEMPERATURE (K)
700 °C for 1 h, at different frequencies- : fitcurve.

FIG. 10. Ultrasonic attenuation measurements in neutron-
tion of temperature, for different frequencies. In addition, the/'"adiated quartz Nddose 47(10019 n/cnt) before (upper curve
density of the samples has been measured after each anneﬂwI :tf([: irrvheeat treatment at 700 °C for 1 h, and fover curve.
ing (see Table)l ' '

Figure 8 shows the ultrasonic attenuation before and after
heat treatment fol h at 700 °C, atomparable frequencies. Cies and all data show the typical frequency dependence ex-
It is clear that the absorption strongly decreases after thiected from the tunneling model and confirm the decreasing
annealing. But, as was also the case for the lower dose N4gndency’?
the typical TS behavior is conservedTadependence at the The curves obtained before and after the different heat
lowest temperatures, that levels off to a temperaturelreatments have, within the experimental accuracy, the same
independent plateau. Figure 9 gives the attenuation after aghape. This means that heat treatment induces no significant
h heat treatment at 700 °C for three different frequencies an@hanges in the coupling parametey, which determines the
shows that the attenuation is still in agreement with the tunShape of the curves in the transition from ffigbehavior to
neling model: theT® behavior is independent of the fre- the plateau. Thus, the observed decrease is mainly due to a
quency while the plateau increases linearly with frequencydecrease of the paramet€r indicating that the density of
This indicates that there are still TS left after heat treatmentStates of the TS is significantly reduced by the heat treat-
However, the clear decrease of the attenuation over thEient. This implies that the sample has a tendency to return
whole temperature range probably means that the number & the crystalline phase.
TS is reduced. In Fig. 11 the velocity change is plotted as a function of

Figure 10 shows the attenuation curves after heat treatemperature, before and after annealing at 700 °C for 1 and
ment at 700 °C for 1 and 17 h. The data ®h are coinci- for 17 h, with reference temperatlifg=0.32 K. The quali-
dent with those for 1 h. Annealing f@ h means that after tative behavior is the same after annealing than before. It is
the first heat treatment of 1 h, the sample was annealed f@puite clear that the velocity change decreases with heat treat-
one more hour. An additional heat treatment of 15 h resultedent: after heat treatment for 1 h, the slope of the logarith-
in the total annealing of 17 h. Whereas afteh at 700 °C, mic increase has lowered with 50%; after heat treatment for
the height of the plateau is only 50% of the value beforel? h, we observe a further decrease, and the velocity change
annealing, it is found that an additional heat treatment for 1 Hetween 0.3 a1 K is only 35-40 % ofAv/v prior to heat
at 700 °C induces no further significant changes. To verify iftreatment. This is consistent with the results obtained from
the TS could be further annealed at 700 °C, a longer hedhe attenuation measurements and confirms that the density
treatment of 17 h has been carried out. This causes an addif statesP of the TS is considerably reduced after annealing.
tional decrease of the attenuation. After each heat treatmerferom the velocity curves, it is also clear that the coupling of
attenuation measurements are carried out at several frequethie TS with the phonons is not considerably affected by heat
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FIG. 11. Ultrasonic velocity change measurements in neutron-
irradiated quartz Ngdose 4.%10* n/cn?), before (upper curve
and after heat treatment at 700 °QG foh and 17 Hlower curve. A
heat treatment at 840 °C for 15 min redph gives almost the same
result as 700 °C1 h resp. 17 h— : fitcurve.

FIG. 12. Ultrasonic attenuation measurements in neutron-
irradiated quartz N§dose 4.%10' n/cnf) before (upper curve
and after heat treatment at 840 °C for 15 min and(lbtver curve.

— : fitcurve.

treatment. As mentioned above, the temperature at which thide same as the results afte h at 840 °C. liindicates that
maximum appears is a measure for this coupling. the time required to anneal a given fraction of tunneling
Figure 12 shows the attenuation, measured before and a$tates decreases when the temperature of the heat treatment
ter heat treatment for 15 min andrfa@ h at 840 °C.These increases. The same qualitative behavior has been observed
measurements again show a considerable decrease of the fty-the lower dose N41.2x 10' n/cn?) (see Sec. Il A.
sorption over the whole temperature range. After heat treat- Figures 8—12 also show the best fitted curves for the ul-
ment for 15 min, the attenuation at the plateau is only 50% ofrasonic attenuation and velocity change before and after the
the plateau prior to heat treatment, and decreases furthéifferent heat treatments of the specimens K4N2 and K4N4.
when the annealing is prolonged to 1 h. Since the shape dfhey are obtained from the same numerical fit procedure
the curve is the same before and after heat treatment, thissed for the analysis of the results for the lower dose N4 in
decrease can again mainly be attributed to a decrease of ti&ec. Il A and allow us to derive the TS parameters.
density of states of the TS. Table IV gives the values obtained from the attenuation
Similar conclusions can be drawn from the velocity mea-measurements after heat treatment at 700 and 840 °C. Again
surements after heat treatment which were carried out afterthe relevant parameters have been deduced also from the
heat treatment of 15 min drl h at 840 °C. Thelata are not variation of the velocity data and the relative changes with
given but coincide almost completely with those of theheat treatment are in agreement with those found from at-
700 °C, 1 and 17 h sample, respectively. Between 0.3 and tenuation measurements. Considering the heat treatment after
K, the velocity change decreases with about 50% after hedt h at 700 °C, we see that the TS parameters derived from
treatment for 15 min, and with an additional 15% when theattenuation measurements at different frequencies agree with
heat treatment is prolonged to 1 h. The maximum appears fazach other. Compared ® prior to heat treatment, the den-
all curves at the same temperature, indicating that the cousity of states is reduced with 50%. The coupling paramster
pling does not change significantly after heat treatmentis not affected, which implies that the remaining TS are simi-
Therefore, the observed decrease has to be attributed againl&s in nature to the TS before annealing; this will be further
a decrease dP, the density of states of the TS. discussed in the next secti¢®). The attenuation curve after
It is interesting to remark that both the attenuation and the h of heat treatment at 700 °C coincides with the absorption
velocity curves obtained aftd h at 700 °Ccoincide with the  after 1 h annealing, and results indeed in the same TS pa-
measurements after 15 min at 840 °C, and that the data olvameters. However, an additional heat treatment, resulting in
tained after 17 h at 700 °C are within experimental accuracy total annealing of 17 h at 700 °C, shows a further decrease
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TABLE IV. TS parameters derived from ultrasonic attenuation measurements in neutron-irradiateddpsetzt. % 10*° n/cnf) after
heat treatment at 700 and 840 °C. The accuracyCfand Py? is 10%, forKz and y : 20%, forP 25%. K is of the order of 18

Before heat
treatment 1 h, 700°C 1 h, 700°C 1 h, 700°C 2 h, 700 °C 17 h, 700 °C 15 min, 840 °C 1 h, 840 °C

Parameter 340 MHz 80 MHz 210 MHz 305 MHz 340 MHz 310 MHz 310 MHz 305 MHz
C (1079 371 164 198 199 178 153 195 169
Ky (10" K™357Y) 15 15 16 15 15 15 15 15
Py? 10Pgemis?) 314 141 168 171 153 131 143 122
¥ (eV) 0.68 0.68 0.69 0.68 0.68 0.68 0.67 0.68
P (16 cm 3erg Y 266 118 136 143 131 111 143 122

of P: from the attenuation, measured at two frequenciesgdoses: whereas only 25% of the TS is left after a heat treat-
we derive a density of states which is about 40% of thement at 840 °C for 15 min for K2N{Table Ill), still 40% is
original P, but this long heat treatment has still no consider-found after the same heat treatment for K4[zble V).

able influence on the coupling parameter. The parameterghis agrees with the predictions of Mayer and Lecctato
obtained from the velocity confirm this: from tdev/v mea-  report that the temperature required to obtain the predicted
surements, we find a 50% decreasePadfter 1 h heat treat-  pehavior(i.e., a return to the crystalline statecreases with
ment, another 10% vanishes after 17 h. The coupling undefncreasing dose. It can therefore be expected that for heat
goes, however, no significant changes. From the qualitativgeaiments at higher temperatures, a further decrease of the
considerations, we could already derive that no big Change&ensity of states will appear.

in  would appear. The numerical analysis, however, shows  cqnary to the expectations, we might conclude that the
that the coupling does not change at all. samples irradiated with the high dose NB7x10™ n/cnr)

The decrease i indicates that the sample has a ten'li)ehaves to a large extent as the lower dose(Nax 10t

dency to return to the crystalline phase after heat treatmenn./cmz) ie., as a dose well below the threshold region. In
However rolongation of the h reatmen m in- e 9P
owever, a projongation of the heat treatment seems to deed, the density of states of the TS decreases considerably

duce only small changes in the density of states. It is inter-f h d1th density i f
esting to consider this in view of the changes in the mas&'tef heat treatment, and the mass density increases after an-

density. We have measured the density of our samples aft&2ling. There are, however, some significant differences.
each heat treatment, the found values are included in Table [:N€ mass density of N4 increases to that of unirradiated
after heat treatment at 700 °C for 1 h, the mass density induartz (p»=2.650 g/cr), while the density of the stronger
creased with about 1.5%. As explained above, an increasinfadiated sampléN6) increases after annealing at 700 or at
density corresponds with decreasing radiation damage. Bot#?0 °C only to the relatively small value ofp=2.596
the decrease i and the increase ip indicate therefore a g/cn), clearly well below the density of crystalline quartz. It
return to the crystalline state. Further heat treatments &g also striking that 15 min at 840 °C leaves only 25% of the
700 °C seem to have no significant influence on the mas$S in N4, while still 50% is left in N6. Furthermore, a sig-
density, which might be related to the relatively small nificant decrease of the coupling of the TS with the phonons
changes irP after prolongation of the heat treatments. was observed for the dose N4, while heat treatment does not
The relative changes in the attenuation and velocityseem to affecty for N6. This is quite remarkable in view of
change after heat treatment at 840 °C show a close agreghe decrease iR, which indicates that N6 has a tendency to
ment: analysis of the velocity data shows that the couplingyolve after heat treatment to the crystalline phase. As men-
parameter remains unchanged, while the density of states {foned before, previous measurements in neutron-irradiated
significantly reduced after heat treatment. The qualitative obquartz as a function of the dose showed that the coupling
servation that the curves after heat treatment at 700 °C for |'.ir|crea5e5 with increasing dOgéThIS has been interpreted in
h are very similar to the measurements after annealing akrms of the evolution of neutron-irradiated quartz to vitre-
840 °C for 15 min can also be seen from our quantitativepus silica: since the coupling between the phonons and the

analysis: the parameters derived from the fitcurves, whiclrs in irradiated quartz is only slightly different from that in
are independently obtained, appear to give, within experi-

mental accuracy, the same values for both heat treatments.

The same agreement is found between the measurements ) TABLE V. Value for the coupling parametey; (eV) derived

ter a 1 hheat treatment at 840 °C and a heat treatment a}roni attgnuz_tlcindmeasijrements before and after heat treatment in
700 °C for 17 H2 eutron-irradiated quartz.

K9 N4 N5 N6
C. Comparative discussion Dose(n/cnf)  0.85x10'® 1.2x10%° 2.6x10°  4.7x10%
In what follows, we will compare the results obtained gefore anneal 0.51Ref. 4 0.60 0.62(Ref. 25  0.68
from the heat treatments for the relatively low dose N4, dis+ 1, 590 °c 053
cussed in Sec. Il A, with the observations for the dose N6 iy , 700 °c 0.52 0.68
the “threshold-region” reported in Sec. Ill B. First of all, it 15 in 840 °C 0.43 0.68

is clear that the tunneling states anneal “faster” for lower
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vitreous SiQ, it has always been suggested that the TS ircut off the A distribution (restriction to lower valugsshows

both forms of SiQ are similar in nature?®?* However, as that the random distribution of the TS is changed, e.g., the
discussed in Ref. 18, the coupling is not “the same.” With size of the microtwin domains is modified and restricted to
increasing irradiatiorfand thus with increasing damagéhe  particular values. In view of the fact that=d(2mV/#?)*?,

TS are slightly modified and the coupling evolves to that ofwe suggest that the probable mechanism is the disappearance
a-Si0,. The changes in the TS and their coupling with theof the TS with the large mass. At the 3 transition(573 K)
phonons can then be understood in terms of the disorder arftidense network od-a, microtwins is formed which may

the local arrangement of the environment of the TS. Table \POt fully disappear upon cooling. As a consequence after the

summarizes the values for the coupling parameter found folpeat treatment the relative contribution of small microtwins

different doses as well as the values found after heat treat¥ill b€ higher than before.

ment for N4 and N6, derived from the attenuation measuref ": ordter to CO_”f'm_" tthe ?bov_e fargur?entsé fturtr:je_zr h?r?t
ments. It clearly shows the increasing tendencyypfvith reatments can give intéresting information. Extending the

increasing dose, the decrease after heat treatment for the do%%neallng of N6 to longer heat treatments and higher tem-

N4 and the constant coupling observed after heat treatmelrfle.ratures might reveal amaximum in .the attenuation, giving
for N6. In view of the discussion above, the decreasing cou?\/Idence for changes in the distribution of the TS param-

pling after heat treatment of N4 can be understood as afiters: It would then also be appropriate to verify if such a

indication of decreasing damage and thus as a return to tHgodification is acpompanied by changes in the coupling pa-
ameter. Extending the study of the tunneling states after

crystalline state, in agreement with the observed decrea : . ) i
in P. The tunneling states change because of the heat tre gat treatment to h|gher_doses might offer an interesting tool
0 obtain more information about the so-called “threshold

ments and behave as the TS in a less disordered environ-= """ the d N6 has o a | tent ch eri
ment. However, whereas the decrease in the density of statﬁ%g'on' since e dose as to a farge extent characteris-

after heat treatment for the dose N6 also indicates a returis of a dose below this threshold.
towards the unirradiated crystal, the coupling remains con-
stant. This might indicate that for this dose, the nature of the
TS remaining after heat treatment is the same as before an-
nealing. In other words, it suggests that the local environ- V. SUMMARY AND CONCLUSION
ment of the TS that are left is the same as before the heat
treatment; the number of tunneling states is reduced after In this paper, we reported a systematic study of the influ-
annealing, but the TS that are still left are “the same” asence of heat treatment on the TS in neutron-irradiated quartz.
before. Ultrasonic attenuation measurements and measurements of
We can relate this to another striking difference in thethe velocity change have been carried out on well character-
behavior after heat treatment of both doses. As discussed imed samples, as a function of temperature in the ultrasonic
Ref. 18, heat treatments at 840 °C and prolonged heat tredirequency rangé€50—650 Mhz. Two doses have been stud-
ments at 700 °C induce a maximum in the ultrasonic attenuied, one situated well below the so-called threshold region
ation, which can be described by modifying the distributionand the other situated near or in this threshold region, where
of the TS parametex. After similar heat treatments for the important structural changes start to take place. The heat
dose N6, such a maximum does not appear, indicating thateatments have been carried out at temperatures from 300 to
no important changes in thedistribution are induced. Since 840 °C, for times from 0 miimmediate coolingto 17 h.
the parametex=d(2mV/%?)*? is related to the mas® of  The low-temperature data, as measured after the heat treat-
the tunneling particle, the distandebetween the minima of ments, still show the presence of TS, and can be theoretically
the well and the barrie¥, changes in tha distribution im-  described by numerical fits using the tunneling model. They
ply changes in the nature of the tunneling entity. From thisallow to determine the density of states of the TS and the
point of view, it can be expected that the coupling of thesecoupling of the TS with the longitudinal phonons. The quan-
“modified tunneling states” with the phonons might get in- titative analysis shows—at first sight—that both doses have a
fluenced as well. This hypothesis finds support in our obsersimilar tendency: after heat treatment the density of states
vations: annealing of the dose N4 gives evidence for a modidecreases significantly. A prolongation of the heat treatment
fication of the tunneling entity and reveals changes in theand an increase of the annealing temperature result in a fur-
coupling parametety;, whereas the heat treatments for thether decrease of the density of states. However, a comparison
dose N6 induce no significant changes in the coupling nor irof the results for both doses also indicates some significant
the distribution ofA. differences: the density of N6 increases but does not reach
In an attempt to correlate those observations with thehe value of unirradiated quartz. A significant decrease of the
model for the tunneling states which we gave in Ref. 8 and ircoupling of the TS with the phonons was observed for the
short described above in Sec. IV A, it has to be remarked thadose N4, while heat treatment does not seem to affect the
in the case of the lower dose N4 the chains of rotated tetracoupling for N6. This can be related to another remarkable
hedra will be more hindered after heat treatment because diifference in the behavior after heat treatment of both doses:
the increase of the order in the sample, reflecting itself in thevhereas heat treatments at 840 °C gmblonged heat treat-
recovery of the mass density to the value before irradiationments at 700 °C for N4 reveal changes in thdistribution,
Such a distinct recovery is not the case for N6: for this dosesimilar heat treatments for N6 give no indications for impor-
the TS are found to remain “the same,” as seen above. Th&ant changes ii. This indicates that for the latter, the nature
observation of a maximum in the ultrasonic attenuation forof the TS after heat treatment is the same as before anneal-
N4 after heat treatment, which was interpreted in terms of ang, while for the lower dose, heat treatment does not only
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