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Abstract. Ultrasonic attenuation measurements were performed on fast-neutron irradiated bulk
silicon. The data are analysed in the framework of the tunnelling model. Good agreement was found
with the results obtained from earlier measurements of the changes in ultrasonic velocity, performed
on the same samples, and the presence of tunnelling states in this material was confirmed. More
detailed analysis however gives an indication of the presence of two different types of tunnelling
state.

1. Introduction

At low temperatures, amorphous and partly disordered solids show thermal [1], dielectric
[2] and acoustic [3] properties that are different from those in crystals. These anomalies are
universal: experiments carried out in a wide range of non-crystalline solids showed similar
properties which turned out to be only slightly sensitive to structure, chemical composition
and impurity content of the material.

To describe these anomalies several theoretical models were suggested. The first model
that was able to give a correct description of all dynamic properties at low temperatures was
the tunnelling model, developed in 1972 simultaneously by Anderson et al [4] and Phillips
[5]. This model is based on the presence of low-energy excitations—tunnelling states (TSs)—
which are characterized by a broad distribution of energies and relaxation times. It involves
atoms or groups of atoms which can have two equilibrium positions and can tunnel in a
double asymmetric potential well. In spite of its success, the tunnelling model is purely
phenomenological, giving no indication on the microscopic origin of the tunnelling states.

The existence of tunnelling defects has been discovered in many different kinds of material
such as glasses, polymers and a-Se. Also in neutron- and electron-irradiated single-crystalline
SiO2, tunnelling states were observed.

In this model, an ‘open structure’ (e.g. a wide range of bond angles) is required to host
tunnelling states. As put forward by Phillips [5] highly coordinated networks exhibit very high
potential barriers that inhibit tunnelling motions and reduce the number of tunnelling states.
Therefore it was believed that tunnelling states could only occur in amorphous solids with a low
average coordination of the individual atoms. The question of whether low-energy excitations
can also appear in higher coordinated networks such as fourfold coordinated amorphous silicon
or germanium is of great importance with respect to the physical nature of the low-temperature
tunnelling process.
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In order to contribute to this discussion concerning the presence of tunnelling states in
high-coordinated materials, we started a study on partly disordered silicon. To avoid the
consequences of sputtered amorphous films [6, 7], we used bulk silicon for our experiments.
From previous studies performed on neutron-irradiated quartz [8, 9] it is clear that the use
of fast-neutron irradiation is an appropriate method to induce TSs in bulk material. Since
bulk amorphous silicon is not available, we used the same approach and exposed our bulk
single-crystalline starting material to high fast-neutron doses.

In spite of its high coordination it is possible to obtain partly disordered silicon by means
of fast-neutron irradiation [10]. From earlier measurement of the changes of the ultrasonic
velocity in neutron-irradiated silicon, evidence was found for the introduction of TSs by means
of fast-neutron irradiation in silicon [11].

2. Tunnelling model

The tunnelling model was developed in 1972, simultaneously by Anderson et al [4] and
Phillips [5], in order to describe the anomalous dynamical properties of amorphous solids
at low temperatures. Despite its success, this model gives no indication whatsoever of the
microscopic origin of the TSs. The basic idea of this model is that in an amorphous solid, the
structural disorder allows atoms or groups of atoms to have two equilibrium positions. The
entities can tunnel in a double asymmetric potential well and are therefore called tunnelling
states (TSs).

In a single well, the vibrational states of each particle are separated by an energy h̄�. To
describe the low-temperature properties, only the ground state of each well has to be taken into
account. The overlap of the wavefunctions is represented by λ:

λ = d

√
2mV/h̄2 (1)

where V represents the height of the potential barrier between the wells, d is the distance
between the two wells and m is the mass of the particle. Because of this coupling, tunnelling
becomes possible. In this case the ground state will not only be split due to the asymmetry
parameter � which represents the energy difference between the two minima of the wells, but
a tunnel splitting �0 = h̄� exp(−λ) occurs. The total level splitting of the ground state can
then be written as

E =
√
�2 + �2

0.

One of the basic assumptions of the tunnelling model is that � and λ are independent of
each other and are distributed uniformly: P(�, λ) d� dλ = P̄ d� dλ, with P̄ a constant
representing the density of states of the tunnelling states. Sinceλdepends on different quantities
such as m, V and d , a uniform distribution of λ seems to be rather unlikely, however, this
assumption leads to a surprisingly good agreement between theory and experiment, and this
for a wide range of amorphous materials.

When an elastic field is introduced in an amorphous solid containing TSs, the double well
will be modified. This results in a change in the asymmetry parameter� and the energy overlap
�0. The tunnelling model assumes that possible variations of �0 are of minor importance
compared to changes in �, which are written as

δ(�) = ∂�

∂e
e = 2γ e where γ = 1

2

∂�

∂e
.

Here, e is the strain field and γ represents the coupling parameter, describing the coupling
between the elastic field and the tunnelling states.
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Due to the interaction between the elastic field and the TSs, transitions between the two
lowest levels become possible through absorption or emission of phonons. Two processes
have to be taken into account here: the resonant and the relaxation process. The resonant
process results from the disturbance of the equilibrium distribution of the thermal phonons
by an acoustic wave with energy h̄ω. Relaxation to equilibrium is established through
resonant absorption or emission of phonons by those tunnelling states with an energy difference
E = h̄ω. Because of the wide distribution of the energy splitting, this process takes place at
all frequencies. It leads to an attenuation [12, 13]

αres = C

vl
ωπ(1 + I/Ic)

−1/2 tanh

(
h̄ω

2kT

)
with C = P̄ γ 2

l

ρv2
l

where vl is the longitudinal velocity, I and ω represent the intensity and the angular frequency
of the ultrasonic wave, ρ is the mass density and γl describes the coupling of the tunnelling
states with the longitudinal phonons. It is clear that, sufficiently below a critical intensity Ic,
the attenuation will be independent of the intensity I . If I increases, the population of the
levels will gradually be equalized and the absorption will decrease. This results in a negligible
attenuation for high intensities: the so-called ‘saturation of the acoustic attenuation’.

The relaxation process results from changes in the occupation of the tunnelling states
themselves. When an elastic wave is applied, the asymmetry parameter � and thus the energy
splitting E of the tunnelling states will be modified. In this way, the thermal equilibrium
distribution of the tunnelling states is disturbed. Relaxation to equilibrium is established
through interaction with thermal phonons. At low temperatures, the one-phonon process
dominates, giving rise to a relaxation rate

τ−1 = K3

(
�0

E

)2 (
E

2k

)3

coth

(
E

2kT

)

with

K3 = 4k3

ρπh̄4

∑
i

γ 2
i

v5
i

.

This summation covers all polarizations. Hence, the parameter K3 describes an average
coupling, but can be simplified for isotropic solids to

K3 = 4k3

ρπη4

(
γ 2
l

v5
l

+
2γ 2

t

v5
t

)

where the indices l and t refer to the longitudinal and transverse modes respectively.
Taking into account the distribution of the relaxation times, the relaxational attenuation

can be expressed as [14].

αrel = γ 2
l

ρv3
l kT

∫ Emax

Emin

dE
∫ l

umin

ω2τ

1 + ω2τ 2

P̄

u(1 − u2)1/2

(
�

E

)2

sech2(E/2kT ) du.

This equation can be analytically solved in the case of ωτm � 1 and ωτm � 1, with τm the
minimal relaxation time [14]. In the ωτm � 1 regime the relaxational attenuation can than be
written as

αrel = π4

96
C

K3

vl
T 3 = π3k3P̄ γ 2

l

24ρ2h̄4v3
l

(
γ 2
l

v5
l

+
2γ 2

t

v5
t

)
T 3.

The ωτm � 1 condition holds at higher temperatures. In this range, the attenuation can be
expressed as

αrel = πω

2vl

C = π

2

P̄ γ 2
l

ρv3
l

ω.
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At still higher temperatures Raman processes [14] and thermal activation have to be taken into
account.

3. Samples and experimental details

We used bulk pure single-crystalline CZ silicon samples, unirradiated (Si-0) or irradiated with
fast-neutron doses up to 1.7 × 1021 n cm−2 (Si-2) and 3.2 × 1021 n cm−2 (Si-4). The samples
are cylindrically shaped, with a diameter of 3 mm and a length of 15 mm. In agreement with
the requirements for hypersonic studies, the faces of the samples are polished to a flatness of
λ/10 and are parallel within 2′′. The rod axis is parallel to the crystallographic [100] axis
within 2′. Using a hydrostatic method, the mass density was measured. For the unirradiated
material a density of 2.333 ± 0.004 g cm−3 was measured and for the irradiated samples we
obtained values of 2.326 ± 0.001 and 2.327 ± 0.002 g cm−3 for Si-2 and Si-4 respectively.
These very small changes are in agreement with an expansion of 0.3%.

For the performance of the ultrasonic measurements, a piezoelectric transducer (LiNbO3)
was attached to one end of the samples, to transform the applied electromagnetic pulse into an
acoustic wave.

4. Qualitative analysis

Ultrasonic attenuation measurements on Si-0 [15] show that below 28 K no attenuation change
is detected within the accuracy of our measurement. The sensitivity is, for this measurement,
better than 0.003 dB cm−1 and therefore, below 28 K, the attenuation change is below this
value. For higher temperatures a very steep rise is observed, which levels off beyond approx-
imately 100 K. The behaviour of the attenuation in the unirradiated silicon is similar to the
response found for the hypersonic attenuation in many dielectric crystals. This result confirms
that the unirradiated starting material used for this experiment is single crystalline and that it
contains no defects that lead to a measurable contribution to the ultrasonic attenuation at very
low temperatures.

Figure 1 presents the influence of fast-neutron irradiation on the behaviour of the ultrasonic
attenuation as a function of temperature. While for the unirradiated sample no changes in
attenuation are measurable below 28 K, the irradiated sample shows a steep increase from
0.3 K to approximately 10 K, after which a temperature-independent part is observed.

The influence of the frequency of the ultrasonic wave is shown in figure 2. It represents
a double-logarithmic plot of the results of ultrasonic attenuation measurements, performed
at 155 and 280 MHz. A temperature-independent background attenuation α0 of 0.175 and
0.189 dB cm−1 respectively was subtracted. Both measurements show the same qualitative
behaviour: a T 3-dependence is observed from 0.3 K to about 1.5 K, after which a levelling
off to a temperature-independent part is detected. The T 3-dependence is independent of the
frequency, in agreement with the predictions by the tunnelling model in the ωτm � 1 regime.
Above 1.5 K the attenuation becomes dependent on the frequency. This is the transition
region between the ωτm � 1 and the ωτm � 1 regime. The attenuation at the temperature-
independent ‘plateau’ increases linearly with the frequency, which is also in agreement with
the predictions made by the tunnelling model for the ωτm � 1 regime.

To obtain information concerning the influence of the neutron dose on the amount of TS
present in the material, additional measurements were performed on sample Si-2. This sample
was irradiated up to a dose of 1.7 × 1021 n cm−2, which is approximately half of that of Si-4.
Figure 3 shows the data obtained from attenuation measurements performed on Si-2 and Si-4 at
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Figure 1. Ultrasonic attenuation as a function of temperature for pure and neutron-irradiated
silicon.
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Figure 2. Ultrasonic attenuation as a function of temperature for different frequencies. The fit
based on the TM equations using one type of TS is added.

frequencies of 165 and 155 MHz respectively. The background attenuation subtracted is 0.520
and 0.175 dB cm−1. The qualitative behaviour of Si-2 is the same as that of Si-4. However,
for the lower dose only a slight shoulder is observed at higher temperatures, whereas for the
higher dose a plateau can clearly be seen. This is due to the very small attenuation exhibited
by Si-2. The fact that the attenuation is higher for a higher neutron dose indicates that the
density of states of the tunnelling states increases with increasing neutron dose.

This outcome, i.e. the similarity with the predictions of the tunnelling model, suggests
the presence of tunnelling states in neutron-irradiated silicon. It is in agreement with the
results obtained from earlier reported ultrasonic velocity measurements performed on the
same samples [11].
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Figure 3. Behaviour of the ultrasonic attenuation as a function of temperature for two different
irradiation doses.

5. Quantitative analysis

Since the measurements performed on Si-4 are the most accurate ones, our quantitative analysis
will be performed on Si-4 data. As already seen in figure 2 the attenuation curves show a
T 3-behaviour at the lowest temperatures, levelling off to a T -independent plateau at higher
temperatures. These two characteristics can be well fitted. The height of the plateau, here
equal to 0.09 and 0.05 dB cm−1 for the highest and lowest frequency respectively, determines
the parameter C. K3 is derived from the position of T 3. The calculated tunnelling parameters,
from numerical fits to the tunnelling model, are given in table 1. Independent of the used
frequency the parameters appear to be equal within the given accuracy. This indicates the
internal consistency of the analysis of the performed attenuation measurements.

Table 1. Tunnelling parameters obtained from numerical fits on attenuation curves. The accuracy
for C and P̄ γ 2

l is 10%, for K3, P̄ and γl 30%.

Attenuation measurements
performed on sample: Si-4 Si-4
Neutron dose:
(n cm−2) (E > 0.1 MeV) 3.2 × 1021 3.2 × 1021

Frequency (MHz) 155 280
Height of plateau (dB cm−1) 0.05 0.09
C (×10−6) 7.5 6.9
K3 (×107 K−3 s−1) 11 10
P̄ γ 2

l (×106 g cm−1 s−2) 12 11
γl (eV) 1.5 1.4
P̄ (×1029 erg−1 cm−3) 22 22

Comparing the absolute values determined from the attenuation data and those obtained
from the velocity data [11], a discrepancy can be seen. This dissimilarity has been observed for
most amorphous solids and also previously obtained values from fits performed on neutron-
irradiated quartz data show these differences. This difference in fit parameters is one of the
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Table 2. Parameters of two types of TS of which the effect is represented in figure 4.

C K3 P̄ γ 2
l γl P̄

(×10−6) (×107 K−3 s−1) (×106 g cm−1 s−2) (eV) (×1029 erg−1 cm−3)

TS 1 4.1 18 7 1.9 7
TS 2 2.8 0.01 5 0.05 6 × 103
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Figure 4. Fit to the experimental data of the ultrasonic attenuation using two different types of
tunnelling state.

shortcomings of the tunnelling model. It is related to the wide distribution of relaxation
times [16]. It is explained by the fact that tunnelling states with different relaxation times
are involved: low relaxation times for attenuation measurements and higher ones for velocity
measurements.

It should also be noted here that from these fits a relatively high value for the coupling
parameter is found compared to the values obtained in amorphous solids. This observation is
also discussed in [17].

Although the T 3 dependence at the lowest temperatures and the temperature-independent
plateau at higher temperatures can be well fitted, the fit curves show a substantial deviation
from the experimental data around 7 K. Around this temperature our data show an additional
dip, which is not predicted by the tunnelling model and which is consequently not fitted well
by the method described above.

A first possible explanation for the dip is related to the higher order phonon processes
such as the Raman process, of which it can be assumed that they set in at approximately 7 K.
Since, in the attenuation of silicon, a levelling off sets in at already 1.5 K, the effect of the
higher order phonon processes becomes more pronounced around 7 K than in for example
neutron-irradiated quartz, where the levelling off is observed at higher T . Furthermore this
explanation can also be used to clarify the rather broad maximum observed in the velocity
data of neutron-irradiated silicon [11]. When it is assumed that the one phonon processes
(leading to a broad maximum) dominates the behaviour until approximately 7 K and beyond
this temperature the Raman processes (making the maximum sharper and the decrease after it
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Figure 5. Fit of the ultrasonic velocity measurements using two different types of TS.

steeper) set in, a behaviour such as the one presented in [11] can be obtained.
A second explanation assumes that there are two different kinds of tunnelling state present

in the material. Figure 4 shows the data obtained on Si-4 at a frequency of 280 MHz as well
as the sum of two theoretically obtained curves, each representing the effect of one kind of
tunnelling state on the ultrasonic attenuation. It is clear from this figure that, assuming the
presence of two types of TS, a similar feature can be obtained in the behaviour of α. The typical
parameters for both types of tunnelling state are given in table 2. For the curve associated with
the second TS, we did take into account high-order Raman processes which ‘sharpen’ the
levelling off to the plateau.

The parameters associated with TS1 are of the same order as the ones obtained from a
fit that assumes that only one type of TS is present. From this it can be concluded that the
main contribution comes from this type of TS. TS2 represents a totally different type with a
very small coupling constant and a large density of states. This DOS is of the order of 1016 to
1017 cm−3, which is comparable to the concentration of P atoms due to neutron transmutation
(∼3 × 1017 cm−3) or impurities such as C (∼1016 cm−3). Therefore the second type of TS
might be associated with impurities or point defects.

It should also be mentioned here that taking into account two types of TS with the
parameters of table 2, together with the discrepancy between tunnelling parameters obtained
from attenuation and velocity measurements as discussed previously, the behaviour of the
ultrasonic velocity measured for Si-4 at 288 MHz can also be very well simulated. The results
of these calculations are presented in figure 5.

6. Summary and conclusions

From ultrasonic attenuation data obtained from an unirradiated bulk single-crystalline silicon
sample it was clear that no indications were seen for the presence of tunnelling states.
Comparing these results with the ones obtained from irradiated silicon, it could be concluded
that due to fast-neutron irradiation a large additional effect is introduced in both attenuation
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and changes in velocity. Studying the temperature and frequency dependence, it was found
that its behaviour at low temperatures is in agreement with the predictions of the tunnelling
model that is put forward for amorphous solids. Numerical fits based on this tunnelling model
were carried out. The qualitative behaviour of the ultrasonic attenuation and velocity at low
temperatures together with the consistency of our fits (and the fact that our samples are partly
amorphous as concluded from Raman data [10]) gave clear evidence for the fact that due to
fast-neutron irradiation, tunnelling states are introduced in silicon.

A new feature, never observed before, is the dip in the attenuation data that is seen around
7 K. It is not a typical feature observed in the low-temperature behaviour of amorphous solids
and is not described by any theoretical model. We explained the presence of this dip giving
two possible explanations. The presence of two types of TS in the material under study is put
forward as most likely being the cause of the dip.
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