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Crossover temperature from tunneling to thermal activation in neutron-irradiated quartz
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The low-temperature internal friction data in neutron-irradiated quartz and amorphouar8iCompared.
The region of the tunneling plateau in irradiated quartz extends to much higher temperatures in comparison
with amorphous SiQ It is interpreted within the soft-potential model that two-level systems in irradiated
quartz have a higher crossover temperafyérom tunneling to thermal activation than in the glassy state. The
characteristic energie¥/ of the particles in the double-well potentials are estimated. Their difference is
ascribed to higher effective masses of the tunneling centers inside the amorphous network than in the distorted
crystalline regions of irradiated quar{50163-18208)01542-2

During the last two decades it has been widely acceptetiehavior of the observable quantities and in particular of the
that two-level system$TLS's) are responsible for many of internal friction is also changed remarkaby.It is worth
the low-temperature properties of glasses. The main idefoting that at these temperatures the latter becomes much
which was put forward in Refs. 1, 2 is that in glasses thergnore sensitive to the details of the distribution function of
exist atoms or groups of atoms moving in a double-well,e goyple-well potential parameters than in the tunneling
potential. At low temperatures only the tunneling motion ., 4e This is, from our point of view, the main source of the

through the barrier is important. It leads to a universal glasstnuniversaI behavior of glasses at higher temperatures,

behavior which has been found in many experimémﬂaw- Therefore, measurements of the crossover temperature give
ever, for some properties such as internal friction this uni- ' P 9

versality is lost if we go to higher temperatufeEhe main important additional information concerning microscopic pa-

reason is that in this range the thermal activation process&@meters OT the F““”e'”?g centers. .
over the barrier become dominant. From this point of view the study of defective crystals

Indeed, as follows from the analysis of a particular modelPréPared by means of neutron or electron irradiation seems
(see belowin the tunneling range many of the microscopic Very promising. It was discovered that after irradiation tun-
TLS parameters do not enter explicitly observable quantitie§eling defects appear in the crystalline maftix: The im-

(or enter under the logarithm SiggAs a result, such hidden portant conclusion was drawn that in the neutron-irradiated
parameters and peculiarities of their distribution function arequartz a considerable part of these TLS's has to be attributed
hardly accessible for direct measurements. The only chara¢e the distorted “crystalline” but not amorphous fractions of
teristics of TLS’s in glasses available at low temperatures aréhe samples. It was naturally supposed that the microscopic
the constant density of stat€sand the average value of the structure of these tunneling “centers” should be similar to
deformation potentialy. This is why glasses with different those in amorphous SiOIndeed the numerical value of the
microscopic structure exhibit similar properties below adeformation potentialy was found to be close to its corre-
few K. sponding glassy value.

However, the situation is changed with increasing the However, from this similarity one cannot excluderiori
temperature when we enter in the thermal activation rangehe difference of the values of the other microscopic param-
For a particular double-well potential the crossover temperaeters. In the present paper we compare the internal friction
ture from tunneling to thermal activatiof, can be defined data in neutron-irradiated quartz and amorphous,SiKbis
as the temperature at which the thermal activation rate besomparison shows clearly the different crossover tempera-
comes equal to the tunneling r&t@&eing defined in such a tures T, from tunneling to thermal activation in these two
way, T. depends obviously on the barrier height But in ~ chemically identical disordered materials. On the other hand,
the internal friction experiment the barrier height is fixed by within a microscopic theory, must be related to some char-
an additional conditiom 7= 1, wherew is the frequency and acteristic energyV of the double-well potentials. However,

7 is the relaxation time. As a result one can introddce the character of this relationship strongly depends on the
which is independent of and is a characteristic of the par- particular microscopic model used for tunneling centers.
ticular glass. It can slightly depend on the frequency. As Our consideration in this paper will be based on the phe-
follows from this experiment for most of the glasses thisnomenological soft potential modébPM) proposed in Ref.
temperature is rather low and is of the order of a few K. 12 (for a recent review see Ref. J3hough it can be done

Above this temperature the important microscopic paramwithin another microscopic approdéhas well. The differ-
eters enter explicitly into the final formuldor the sound ence between these two approaches is that in the latter the
absorption and sound velocity for exampl€he temperature form of the wells in the double-well potentials is supposed to
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be the same for all tunneling centers. In this case the vibra- 1 8 (V)34
tional frequencyQ) of the particle in such a well plays the ;) MA%xexp[— 3 (V_V> .
role of the crossover temperature, ileT =#(). tun

The principal idea of the SPM is that the typical double-The thermal activation rate is defined as usual:
well potentials accessible for particle tunneling act (i.e.,
they are rather exceptional among the overwhelming major- 1 1 \%
ity of the atomic potentials in the glgsdf one accepts this ( ) :T_OeXF< kT
point then from the standardatastrophe theoryt follows act
that in such a case it is sufficient to take into account only th&Equating the two exponents we obtain the crossover tem-
first three terms in the Taylor expansion of the effective po-perature for a double-well potential with barrier height
tential energy of the particl&/(x) as a function of some
generalized coordinate

®)

. (6)

T
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T°(V):§W<v_v> . V>W. (7)
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1 Now taking into account that the maximum contribution to
the internal friction at frequencw is due to double-well
potentials withw7=1 where 1= (1/7)y,+ (1/7) 5crand that
Tun= Tact &t T=T; We arrive to Eq.(4).

The temperature dependence of the internal friction in the

of the dimensionless parameteysand ¢ are random due to éhermal activation range depends on the distribution function

short-range order fluctuations of the chemical bonds. Th S the double-well potential paramet ndé. In the limit
rare soft potentials are characterized by small values of these P P epsands.

parametersy|, |£|<1. 7l, [€[=0 itis given by®

The double well po_tentlals _correspont_j to negatlve yalues P(7,6)="Po| 7112, @)
of 5. The corresponding barrier height\&=E&y7%</4. It is
worthwhile to mention that within this approach it is not where P, is a constant and the factds| describes the so-
necessary(though possibleto consider fluctuations of the called “sea-gull” singularity in the distribution of the pa-
forth order term. It is sufficient to take for corresponding rameters. For this distribution function, the internal friction
coefficient some typical atomic value=(€,/a*). This situa- in the tunneling rangeT<T,) is temperature independent
tion reminds us of the ansatz with the deformation potentiaand given by its “plateau” value
v in the standard tunneling model. There it is also supposed

n

X2
a) =

Herea represents the typical atomic lengtk { A) and&, is
the typical atomic energy in the glass L0 eV). The values

PoH2W

to be the same for all TLS’s in the glass, though it is easy to T
take into account its fluctuations. The interaction of the soft Qun=7C, whereC= PN ©)
potentials with deformatiore;, (and the phononsis de- PUNIL
scribed by the bilinear tertd Here p is the density and) is the sound velocity. Fom
>T. we are in the thermal activation range where the inter-
x\ - nal friction increases with temperattre T/
Hintzgo(a) Hik€ix 2
kT 1
. Q;C%zwc(— In~—4— (10)

where the dimensionless second rank tenshg| is of the w wTo

order of unity and independent of parameterand &. i , , L )
There are two important quantities in the SPM: one is the For comparison with experiment it is useful to introduce a

characteristic energy and the other is a small parameter of characteristic temperatqf‘éa, where the classical relaxation
the modelp, % (10) reaches the tunneling plateau lev@):'’

4/3
1
W=Eyn?,  n=(h%2Ma2Ey) =102, (3) T,= (5) w |n1/35w15rc. (12)
0

whereM is the effective mass of the particle. The physicalThis temperature is directly related to the crossover tempera-
meaning ofW is that it represents a characteristic energy foryyre T . It gives the onset of the rise of the internal friction
the particle motion in the pure quartic potent&)(x/a).”  wjth temperature in the thermal activation range. Fgr
The importance of this energy follows from the fact that it — 1913 gec andw in the kHz regionT,~1.1W. Therefore
just determines the crossover temperature from tunneling tE’omparison of theory with experiment gives us a possibility

the thermal activatiofi: to determine the important third parameter of the tunneling
" 3 centers, the characteristic enengy
kTe=(3/8)**W In"3(2/wy). 4 Figure 1 shows the result of this comparison. It presents

the low-temperature internal friction data in the sample of
The formula forT, follows from the comparison of two amorphous Si@ (at two frequencigsand in two samples
transition rates, the tunneling rate through the barriet)¢}/ (K14 and K15 of crystalline quartz irradiated by neutrons
and the thermal activation rate over the barrierrfg4. The  with doses 18 n/icn? and 2.1x 10 n/cn?, respectively,
tunneling rate is proportional to the tunneling splitting and nearly the same frequencies. All the data are scaled to
squared. In the SPM the corresponding low-temperature plateau level. The two
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10 pr—p=r=rrry —T T T T creasing its effective mass. When the coherent displacements
of the surrounding atoms are included the effective nMss
O K14, 1095 Hz, o is given by
& K15, 1379 Hz dq 2
*  a-Si0, 484 Hz s o MZMO+Z m; d_xl> . (13
*  a-Si0, 3170 Hz Liwty & !
ad j* Here M, is a bare mass anth; and g; are the mass and
displacement of théth atom in the soft potential environ-
ment, correspondingly. Using numerical simulation it was
shown that this effect can indeed increase the effective mass
by one order of magnitude or even méteMolecular dy-
namic simulations of model glasses also do not contradict
Tiq Tou this idea. It was found that soft vibrational modes consist of
NN NN, T twenty to one hundred atorié.We think that soft amor-
1 10 100 phous media ira-SiO, can much more easily respond to the
T (K) particle motion than in the case of the rigid crystalline envi-
ronment in irradiated quartz. As a result, the larger dressing
FIG. 1. Internal friction data from vibrating reed experiment in gffect in glasses leads in its turn to higher values of the
two samples of neutron irradiated quatief. 1§ and amorphous  offective mass of the tunneling particles.
silica (sRef. 19 scaledsto their plateau \ialues._ They are equal to 3 The high value ofW in neutron irradiated quartz explains
:;}? lo,(lfl(:)_’s‘ir’gzlgﬂéﬁ?‘ 3.6X10°7 (a-SIO;, 484 H2, and 55, why the onset of the tunneling plateau can still be seen
. ' ' in the ultrasound data at high frequencies where one does not
Gash s presrE ™ dependences bt i Giferent 53y reoee o osom o s o ). o S
strengthsli.e., with different values ofv). analysis of these data for sample n5, for instdh¢er fre-

From the presented data one cannot say that in the therm&hency 340 MHz, irradiated with dose X@0 n/cn?)
activation range the observed temperature dependence of tnfads t0T.~12 K, It corresponds to the value cW/k'
a .

internal friction for both materials perfectly follows the the- ~15 K which is close taV derived from the internal friction

oretical prediction, Eq.(10) (see below However, it is data. In addition it can be seen from these data Thain-
clearly seen that for irradiated quartz the tunneling platealéreases with decreasing dose

region extends to much higher temperatures than in the case It is interesting to note that soft potentials with a high

of amorphous Si@ From the figure we can deduce that value of W were found from the analysis of heat release data
T1a~5K and Toa~15K. It corresponds toWa.sio,/k i, amorphous Si@as well® The distribution ofW derived
~4.5 K andW; quart/ k=~13.5 K. The first value is close to  from the experiment shows two peaks. One corresponds to
what is known from literature foW in amorphous Si®  the usual small value diV/k~4 K and another corresponds
(within the accuracy of our comparison procedure which weyg W/k~20 K. It was concluded that different microscopic
estimate as-10%)."’ The second value one should considerconfigurations of double-well soft potentials can account for
as a left boundary fow in neutron irradiated quartz if there this difference. From this point of view there exists another
is a distribution of this parameter as it takes place, for exexplanation of the phenomena under discussion. Due to some
ample, in amorphous silicaAs a result the characteristic ynknown reasons neutrons “prefer” to create in crystalline
energyW in irradiated quartz is at least about three timesquartz double-well potentials with big values of the charac-
higher than in the corresponding glassy state. teristic energyW. However, this point needs some justifica-
What is the main reason for such a large difference? If thejon which we do not have at the moment.
geometry characteristica and the typical energy scale of  Finally a few words about the observed nonuniversal be-
tunneling centerst, are similar in amorphous Siand in  havior of the internal friction in the thermal activation range.
the distorted crystalline regions of irradiated quartz, then thesrom our point of view, the deviation of the temperature
difference inW values can only result from the difference of dependence, plotted in the figure, from the theoretical pre-
the effective masses of tunneling particles. As follows fromdiction given by Eq.(10) is a consequence of the deviation

Q_1/Qm<l plateau

Eq. (3) of the distribution functionP(7,&) from Eq. (8) which is
valid only in the limit|#|, |¢]—0.
h4/35(1)/3 In the thermal activation range the main contribution to
W= WOCM_ZB, (12)  the absorption comes from the systems with,.=1, i.e.,
with
i.e., a factor of 3 difference iV implies a difference of a KT
factor of 5 in effective masM. This is a rather acceptable | 7|~ nr=2n_ Wln(llwro). (14

value. The different surrounding of the tunneling centers in

these two materials can le@ldecause ofiressing effe¢tto a  Therefore, for example, if the dependen@® saturates at
rather big difference in effective mads. Since particle mo- some value of 5| = 7. [so thatP(#,£) = const af 7| > 7] it

tion in the soft potential is relatively slow the surrounding leads to a leveling off of the temperature dependence of the
atoms adiabatically follow the tunneling atom, thereby in-internal friction
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Q;C}MTU“ (15) In conclusion we analyzed experimental data on internal
friction in amorphous and neutron irradiated quartz in the
framework of the soft potential model. From the analysis we

in the corresponding temperature radg@n the contrary, if ~ conclude that the crossover temperafligdrom tunneling to

the dependencB(7,£) becomes steeper as a functionspf thermal activation in neutron-irradiated quartz is at least
then each additional factor ¢#| in the distribution function ~ three times higher than in the glassy state. We hypothesized
leads to an additional factor afT in Q™ (T). that this is related to the fact that the effective masses of the

In other words, changing the distribution functiBiiz, £) tunneling particles are larger when surrounded by the amor-

one can always account for deviations in the tempera’cur?hous network than when they are imbedded in the crystal-

dependence of the internal friction from the simplest predic—Ine matrix.

tion described by Eq(10). Of course, it needs additional One of the authors(D.A.P) gratefully acknowledges
fitting parameters. From our point of view this is the mainpleasant hospitality and financial support of the Catholic
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