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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 amorphous SiO2 are compared.
The region of the tunneling plateau in irradiated quartz extends to much higher temperatures in comparison
with amorphous SiO2. It is interpreted within the soft-potential model that two-level systems in irradiated
quartz have a higher crossover temperatureTc from tunneling to thermal activation than in the glassy state. The
characteristic energiesW 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 quartz.@S0163-1829~98!01542-2#
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During the last two decades it has been widely accep
that two-level systems~TLS’s! are responsible for many o
the low-temperature properties of glasses. The main i
which was put forward in Refs. 1, 2 is that in glasses th
exist atoms or groups of atoms moving in a double-w
potential. At low temperatures only the tunneling moti
through the barrier is important. It leads to a universal gla
behavior which has been found in many experiments.3 How-
ever, for some properties such as internal friction this u
versality is lost if we go to higher temperatures.4 The main
reason is that in this range the thermal activation proce
over the barrier become dominant.

Indeed, as follows from the analysis of a particular mo
~see below! in the tunneling range many of the microscop
TLS parameters do not enter explicitly observable quanti
~or enter under the logarithm sign!.5 As a result, such hidden
parameters and peculiarities of their distribution function
hardly accessible for direct measurements. The only cha
teristics of TLS’s in glasses available at low temperatures
the constant density of statesP̄ and the average value of th
deformation potentialg. This is why glasses with differen
microscopic structure exhibit similar properties below
few K.

However, the situation is changed with increasing
temperature when we enter in the thermal activation ran
For a particular double-well potential the crossover tempe
ture from tunneling to thermal activationTc can be defined
as the temperature at which the thermal activation rate
comes equal to the tunneling rate.6 Being defined in such a
way, Tc depends obviously on the barrier heightV. But in
the internal friction experiment the barrier height is fixed
an additional conditionvt51, wherev is the frequency and
t is the relaxation time. As a result one can introduceTc
which is independent ofV and is a characteristic of the pa
ticular glass. It can slightly depend on the frequency.
follows from this experiment for most of the glasses th
temperature is rather low and is of the order of a few K.

Above this temperature the important microscopic para
eters enter explicitly into the final formula~for the sound
absorption and sound velocity for example!. The temperature
PRB 580163-1829/98/58~17!/11099~4!/$15.00
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behavior of the observable quantities and in particular of
internal friction is also changed remarkably.7,8 It is worth
noting that at these temperatures the latter becomes m
more sensitive to the details of the distribution function
the double-well potential parameters than in the tunnel
range. This is, from our point of view, the main source of t
nonuniversal behavior of glasses at higher temperatu
Therefore, measurements of the crossover temperature
important additional information concerning microscopic p
rameters of the tunneling centers.

From this point of view the study of defective crysta
prepared by means of neutron or electron irradiation se
very promising. It was discovered that after irradiation tu
neling defects appear in the crystalline matrix.9–11 The im-
portant conclusion was drawn that in the neutron-irradia
quartz a considerable part of these TLS’s has to be attribu
to the distorted ‘‘crystalline’’ but not amorphous fractions
the samples. It was naturally supposed that the microsc
structure of these tunneling ‘‘centers’’ should be similar
those in amorphous SiO2. Indeed the numerical value of th
deformation potentialg was found to be close to its corre
sponding glassy value.

However, from this similarity one cannot excludea priori
the difference of the values of the other microscopic para
eters. In the present paper we compare the internal fric
data in neutron-irradiated quartz and amorphous SiO2. This
comparison shows clearly the different crossover tempe
tures Tc from tunneling to thermal activation in these tw
chemically identical disordered materials. On the other ha
within a microscopic theoryTc must be related to some cha
acteristic energyW of the double-well potentials. Howeve
the character of this relationship strongly depends on
particular microscopic model used for tunneling centers.

Our consideration in this paper will be based on the p
nomenological soft potential model~SPM! proposed in Ref.
12 ~for a recent review see Ref. 13!, though it can be done
within another microscopic approach14 as well. The differ-
ence between these two approaches is that in the latte
form of the wells in the double-well potentials is supposed
11 099 ©1998 The American Physical Society



r
e

le

jo

th
o

h
e

ue

ot

g

tia
se
t

o

th
of

a
fo

it
g

g

em-

to

the
ion

-
-

t

er-

a
n

era-
n

lity
ing

nts
of

s

d to
two

11 100 PRB 58BRIEF REPORTS
be the same for all tunneling centers. In this case the vib
tional frequencyV of the particle in such a well plays th
role of the crossover temperature, i.e.,kTc5\V.

The principal idea of the SPM is that the typical doub
well potentials accessible for particle tunneling aresoft ~i.e.,
they are rather exceptional among the overwhelming ma
ity of the atomic potentials in the glass!. If one accepts this
point then from the standardcatastrophe theoryit follows
that in such a case it is sufficient to take into account only
first three terms in the Taylor expansion of the effective p
tential energy of the particleV(x) as a function of some
generalized coordinatex

V~x!5E0FhS x

aD 2

1jS x

aD 3

1S x

aD 4G . ~1!

Herea represents the typical atomic length (.1 Å) andE0 is
the typical atomic energy in the glass (.10 eV). The values
of the dimensionless parametersh andj are random due to
short-range order fluctuations of the chemical bonds. T
rare soft potentials are characterized by small values of th
parametersuhu, uju!1.

The double well potentials correspond to negative val
of h. The corresponding barrier height isV5E 0h2/4. It is
worthwhile to mention that within this approach it is n
necessary~though possible! to consider fluctuations of the
forth order term. It is sufficient to take for correspondin
coefficient some typical atomic value ('E0 /a4). This situa-
tion reminds us of the ansatz with the deformation poten
g in the standard tunneling model. There it is also suppo
to be the same for all TLS’s in the glass, though it is easy
take into account its fluctuations. The interaction of the s
potentials with deformatione ik ~and the phonons! is de-
scribed by the bilinear term5,7

Hint5E0S x

aD H́ ike ik , ~2!

where the dimensionless second rank tensoruH́ iku is of the
order of unity and independent of parametersh andj.

There are two important quantities in the SPM: one is
characteristic energyW and the other is a small parameter
the modelhL ,15

W5E0hL
2, hL5~\2/2Ma2E0!1/3'1022. ~3!

whereM is the effective mass of the particle. The physic
meaning ofW is that it represents a characteristic energy
the particle motion in the pure quartic potentialE0(x/a).4

The importance of this energy follows from the fact that
just determines the crossover temperature from tunnelin
the thermal activation:6

kTc5~3/8!4/3W ln1/3~2/vt0!. ~4!

The formula forTc follows from the comparison of two
transition rates, the tunneling rate through the barrier (1/t) tun
and the thermal activation rate over the barrier (1/t)act. The
tunneling rate is proportional to the tunneling splittin
squared. In the SPM
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S 1

t D
tun

}D0
2}expF2

8

3 S V

WD 3/4G . ~5!

The thermal activation rate is defined as usual:

S 1

t D
act

5
1

t0
expS 2

V

kTD . ~6!

Equating the two exponents we obtain the crossover t
perature for a double-well potential with barrier heightV

Tc~V!5
3

8
WS V

WD 1/4

, V@W. ~7!

Now taking into account that the maximum contribution
the internal friction at frequencyv is due to double-well
potentials withvt51 where 1/t5(1/t) tun1(1/t)act and that
t tun5tact at T5Tc we arrive to Eq.~4!.

The temperature dependence of the internal friction in
thermal activation range depends on the distribution funct
of the double-well potential parametersh andj. In the limit
uhu, uju→0 it is given by16

P~h,j!5P0uhu/2, ~8!

whereP0 is a constant and the factoruhu describes the so
called ‘‘sea-gull’’ singularity in the distribution of the pa
rameterh. For this distribution function, the internal friction
in the tunneling range (T!Tc) is temperature independen
and given by its ‘‘plateau’’ value5

Qtun
215

p

2
C, where C5

P 0H́2W

rv2AhL

. ~9!

Here r is the density andv is the sound velocity. ForT
@Tc we are in the thermal activation range where the int
nal friction increases with temperature7 }T3/4

Qact
215pCS kT

W D 3/4

ln21/4
1

vt0
. ~10!

For comparison with experiment it is useful to introduce
characteristic temperatureTa , where the classical relaxatio
~10! reaches the tunneling plateau level~9!:17

Ta5S 1

2D 4/3

W ln1/3
1

vt0
'1.5Tc . ~11!

This temperature is directly related to the crossover temp
ture Tc . It gives the onset of the rise of the internal frictio
with temperature in the thermal activation range. Fort0
510213 sec andv in the kHz region,Ta'1.1W. Therefore,
comparison of theory with experiment gives us a possibi
to determine the important third parameter of the tunnel
centers, the characteristic energyW.

Figure 1 shows the result of this comparison. It prese
the low-temperature internal friction data in the sample
amorphous SiO2 ~at two frequencies! and in two samples
~K14 and K15! of crystalline quartz irradiated by neutron
with doses 1019 n/cm2 and 2.131019 n/cm2, respectively,
and nearly the same frequencies. All the data are scale
the corresponding low-temperature plateau level. The
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dashed lines presentT 3/4 dependences but with differen
strengths~i.e., with different values ofW!.

From the presented data one cannot say that in the the
activation range the observed temperature dependence o
internal friction for both materials perfectly follows the th
oretical prediction, Eq.~10! ~see below!. However, it is
clearly seen that for irradiated quartz the tunneling plat
region extends to much higher temperatures than in the
of amorphous SiO2. From the figure we can deduce th
T1a'5 K and T2a'15 K. It corresponds toWa-SiO2

/k

'4.5 K andWirr quartz/k'13.5 K. The first value is close to
what is known from literature forW in amorphous SiO2
~within the accuracy of our comparison procedure which
estimate as'10%!.17 The second value one should consid
as a left boundary forW in neutron irradiated quartz if ther
is a distribution of this parameter as it takes place, for
ample, in amorphous silica.8 As a result the characteristi
energyW in irradiated quartz is at least about three tim
higher than in the corresponding glassy state.

What is the main reason for such a large difference? If
geometry characteristicsa and the typical energy scale o
tunneling centersE0 are similar in amorphous SiO2 and in
the distorted crystalline regions of irradiated quartz, then
difference inW values can only result from the difference
the effective masses of tunneling particles. As follows fro
Eq. ~3!

W5
\4/3E 0

1/3

22/3a4/3M2/3
}M 22/3, ~12!

i.e., a factor of 3 difference inW implies a difference of a
factor of 5 in effective massM . This is a rather acceptabl
value. The different surrounding of the tunneling centers
these two materials can lead~because ofdressing effect! to a
rather big difference in effective massM . Since particle mo-
tion in the soft potential is relatively slow the surroundin
atoms adiabatically follow the tunneling atom, thereby

FIG. 1. Internal friction data from vibrating reed experiment
two samples of neutron irradiated quartz~Ref. 18! and amorphous
silica ~Ref. 19! scaled to their plateau values. They are equal to
31025 ~K14!, 531025 ~K15!, 3.631024 ~a-SiO2, 484 Hz!, and
4.231024 ~a-SiO2, 3170 Hz!.
al
the

u
se

e
r

-

s

e

e

n

-

creasing its effective mass. When the coherent displacem
of the surrounding atoms are included the effective massM
is given by20

M5M01(
i

mi S dqi

dx D 2

. ~13!

Here M0 is a bare mass andmi and qi are the mass and
displacement of thei th atom in the soft potential environ
ment, correspondingly. Using numerical simulation it w
shown that this effect can indeed increase the effective m
by one order of magnitude or even more.21 Molecular dy-
namic simulations of model glasses also do not contra
this idea. It was found that soft vibrational modes consist
twenty to one hundred atoms.22 We think that soft amor-
phous media ina-SiO2 can much more easily respond to th
particle motion than in the case of the rigid crystalline en
ronment in irradiated quartz. As a result, the larger dress
effect in glasses leads in its turn to higher values of
effective mass of the tunneling particles.

The high value ofW in neutron irradiated quartz explain
also why the onset of the tunneling plateau can still be s
in the ultrasound data at high frequencies where one does
expect to see the tunneling states anymore~see Refs. 10 and
11, for instance; for recent new data see Ref. 23!. The similar
analysis of these data for sample n5, for instance24 ~for fre-
quency 340 MHz, irradiated with dose 2.631019 n/cm2!,
leads to Ta'12 K. It corresponds to the value ofW/k
'15 K which is close toW derived from the internal friction
data. In addition it can be seen from these data thatTa in-
creases with decreasing dose.

It is interesting to note that soft potentials with a hig
value ofW were found from the analysis of heat release d
in amorphous SiO2 as well.8 The distribution ofW derived
from the experiment shows two peaks. One correspond
the usual small value ofW/k'4 K and another correspond
to W/k'20 K. It was concluded that different microscop
configurations of double-well soft potentials can account
this difference. From this point of view there exists anoth
explanation of the phenomena under discussion. Due to s
unknown reasons neutrons ‘‘prefer’’ to create in crystalli
quartz double-well potentials with big values of the chara
teristic energyW. However, this point needs some justific
tion which we do not have at the moment.

Finally a few words about the observed nonuniversal
havior of the internal friction in the thermal activation rang
From our point of view, the deviation of the temperatu
dependence, plotted in the figure, from the theoretical p
diction given by Eq.~10! is a consequence of the deviatio
of the distribution functionP(h,j) from Eq. ~8! which is
valid only in the limit uhu, uju→0.

In the thermal activation range the main contribution
the absorption comes from the systems withvtact51, i.e.,
with

uhu'hT[2hLAkT

W
ln~1/vt0!. ~14!

Therefore, for example, if the dependence~8! saturates at
some value ofuhu5hc @so thatP(h,j)5const atuhu.hc# it
leads to a leveling off of the temperature dependence of
internal friction

3
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Qact
21}T1/4 ~15!

in the corresponding temperature range.25 On the contrary, if
the dependenceP(h,j) becomes steeper as a function ofh
then each additional factor ofuhu in the distribution function
leads to an additional factor ofAT in Q21(T).

In other words, changing the distribution functionP(h,j)
one can always account for deviations in the tempera
dependence of the internal friction from the simplest pred
tion described by Eq.~10!. Of course, it needs additiona
fitting parameters. From our point of view this is the ma
source of the abovementioned nonuniversal behavior
some properties in the thermal activation range of ma
glasses4 and in neutron-irradiated quartz as well.
g

s.

.

P

ys
re
-

of
y

In conclusion we analyzed experimental data on inter
friction in amorphous and neutron irradiated quartz in t
framework of the soft potential model. From the analysis
conclude that the crossover temperatureTc from tunneling to
thermal activation in neutron-irradiated quartz is at le
three times higher than in the glassy state. We hypothes
that this is related to the fact that the effective masses of
tunneling particles are larger when surrounded by the am
phous network than when they are imbedded in the crys
line matrix.
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