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Abstract. We have measured the low-frequency Raman scattering in neutron-irradiated quartz crystals
with four different irradiation doses from 4.7 x 10'® n/cm? to 1 x 10** n/ecm? and for 2 different crys-
tallographic directions. For the used doses the range of density change of the investigated samples was
12% (the maximum change during amorphization is 14%) and the amorphous fraction varied from 35%
to 100%. The same measurement was done in neutron-irradiated amorphous silica with a maximal dose
2% 10%° n/cm?. In all cases we observed the boson peak in the Raman spectra. The position of the peak, at
6743 cm ™!, was found to be the same for all the investigated samples independent of the dose. The shape
of the peak for doses 6.8 x 10'® n/cm? and higher was also found to be the same for 5 investigated samples
(including irradiated vitreous silica). We found that the position of the boson peak in neutron-irradiated
quartz crystals and vitreous silica corresponds to the Ioffe-Regel crossover frequency for phonons. The
origin of the boson peak in neutron-irradiated quartz and vitreous silica can be attributed to local soft
optic modes, which are analogous to the soft optic mode that drives the a—f transition in quartz.

PACS. 61.43.Fs Glasses — 63.50+x Vibrational states in disordered systems — 78.30.Ly Disordered solids

1 Introduction

The boson peak observed in the low-frequency Raman
spectra of amorphous solids is a challenge for modern solid
state physics. At this moment there is no common accept-
able description of this phenomenon. The main question
is: what kind of low-energy excitations are responsible for
this peak? There are two main answers: (i) the acoustic
modes due to static disorder contribute substantially to
the boson peak; (ii) the low-lying local optic-like modes,
which are responsible for the strong scattering of acous-
tic phonons at intermediate temperatures, provide a main
contribution to the boson peak.

The first systematic study of low-frequency Raman
scattering and infrared absorption in amorphous SiOa,
GeOg, and B2O3 was presented by Stolen in 1970 [1]. The
maxima in the room temperature Raman intensities were
very similar to the maxima in reduced infrared absorption.
The observed temperature dependence conforms to the
Bose-Einstein statistics. Therefore, it was concluded that
the peak in low-frequency Raman scattering and in in-
frared absorption arises from the same band harmonic os-
cillator type modes. Stolen has proposed that these modes
are low-lying optical modes, which are infrared and Ra-
man active.

Shuker and Gammon [2] have shown that in amor-
phous solids all harmonic vibrations can contribute to
low-frequency Raman scattering, because the coherence
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lengths for them is short compared to the optical wave-
length of laser light. This assumption leads to the break-
down of the wave-vector selection rules and the Raman-
scattering intensity can be calculated from known density
of states functions for each mode. For the Stokes intensity
they have obtained the general expression:
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where the summation is over all the vibration bands. Each
band includes the normal vibrations, which have simi-
lar microscopic motion, frequencies, optical coupling, and
correlation range. In equation (1) gp(w) is the density of
states and A?ﬁ % the coupling constant for band b. The
tensor components labeled af,~vd are determined by the
polarization of the incident and scattered light. n(w,T') is
the Bose factor at temperature T'.

Martin and Brenig [3] have proposed that low-
frequency Raman scattering in amorphous solids is origi-
nating from acoustic-like modes with a Debye density of
states and coupling constant proportional to w?. In their
model, the Stokes intensity is given by:

n(w,T)+1

I(w,T) = A(w)g(w) (2)

Also they have assumed that glasses have a continuous dis-
ordered network characterized by the correlation length.
Therefore, the coupling constant was described by:

A(w) x w? exp(—wo /v)?, (3)
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where v is the sound velocity and 20 the structural cor-
relation length. From equation (3) one can see that A(w)
has a maximum at w ~ v/o and, therefore, the boson peak
was interpreted as being the maximum of A(w). This the-
ory was widely used, because it can explain the observed
frequency dependence of the Raman scattering intensity
below the boson peak: I o< w?.

However, detailed measurements of inelastic neutron
scattering [4,5] in vitreous silica in the frequency range
0.3-4 THz and with scattering vectors @ in the range
0.2-5.3 A=! have shown a large excess of additional vibra-
tional modes in comparison with Debye density. The value
of g(w) derived from neutron scattering measurements was
in agreement with the vibrational density of states ob-
tained from the specific heat data on the same samples
in assumption of a pure oxygen motion. The analysis of
the observed variation of the inelastic scattering intensity
with ) has shown that the contribution from sound waves
is not important in the frequency range 0.3-2 THz and
the dominant motion corresponds to coupled rotation of
tetrahedra. It was shown also that the model, which con-
siders the coupled rotation of five and more tetrahedra,
gives a better agreement with the experimental data.

Recent hyper-Raman measurements [6] in vitreous sil-
ica have demonstrated that additional vibrational modes
give the main contribution to the boson peak observed
in hyper-Raman spectra and these vibrations are silent
in the first-order Raman scattering due to selection rules.
The important result of this work is that the boson peak
in hyper-Raman scattering is shifted to lower frequencies
in comparison with Raman scattering. The maximum of
the boson peak was observed at 30 cm~!, while in Ra-
man scattering the maximum is at 52 cm™* [1]. The po-
sition of the boson peak in hyper-Raman spectra is the
same as in inelastic neutron and specific heat measure-
ments. These results support the original idea of Shuker
and Gammon [2] that the Raman intensity is given by
equation (1). The coupling constant can be independent
of frequency for each vibration band including the normal
vibrations with similar microscopic motion. A value of
the coupling constant can depend on the local symmetry
of the vibrational mode.

Recent progress in inelastic X-ray scattering (IXS)
with resolution of 1.5-2.5 meV allows to obtain new in-
formation about the vibrational dynamics of glasses in
the boson peak region. However, interpretations of these
new results are controversial [7—11]. Benassi et al. [7] have
measured IXS spectra in a-SiO5 at T' = 1050 K and with
scattering vectors @ in the range 1-6 nm~!. For the in-
terpretation of the spectra they have used a damped har-
monic oscillator (DHO) model and have concluded that
phonon-like propagating modes with a sound velocity of
5800 + 200 m/s exist in the @ range 1-3.5 nm~!. The
linewidth of these modes is proportional to Q2. Pilla et
al. [8] have measured IXS spectra in a-SiOz at T = 1200 K
at three different energy (0, 5.3 and 8.5 meV) as a func-
tion of @ in the range 2-32 nm~'. They have found a
Brillouin peak in the spectra at 5.3 and 8.5 meV, where
energy of 5.3 meV corresponds to the boson peak energy

(Egp). The position of this peak shifts with increasing
energy from 1.25 to 2.1 nm~! that is almost proportional
to the energy. It was shown that the DHO model can de-
scribe this peak rather well using v = 6800 m/s. The main
conclusion from this study is that collective propagating
excitations exist at energies above the Epp.

However, IXS measurements in densified a-
SiOg [10,11] clearly indicate the existence of the
crossover from propagating to strongly scattered acoustic
modes. The use of the densified a-SiO5 have allowed to
study the Q region below the expected crossover that was
not possible in the mentioned above experiments [7,8].
The obtained results show that the linewidth of longitu-
dinal acoustic waves increases very fast with frequency:
I x w® with a > 4. The observed crossover is due to the
resonance and hybridization of the sound waves with local
boson peak modes. These modes are optic-like vibrations
corresponding to rotations of SiO4 tetrahedra.

New inelastic neutron scattering experiments [12] per-
formed in vitreous silica at the same temperatures used
in IXS measurements [7,8] and for the energy transfers
corresponding to frequencies of 0.5, 1.3 and 2 THz have
also shown the absence of the peak at @ = 1.6 A~! in the
inelastic spectra as in the first measurements [4,5]. Sim-
ple estimates show that longitudinal and transverse sound
waves in silica at the boson peak frequency of 1.3 THz
have wave-vectors g of 0.13 and 0.21 A~! respectively and
they must give rise to the peak at Q = 1.6 A-1 in the
inelastic spectrum, if boson peak is originated from sound
waves. From the analysis of the inelastic spectra and vi-
brational density of states at different temperatures it was
concluded that the boson peak is originated from local
modes with a very small restoring force like coupled libra-
tions of SiOy4 tetrahedra.

A comprehensive study of the anomalous proper-
ties of amorphous and disordered solids leads to the
conclusion that the intermediate-temperature anomalies
such as the plateau in the thermal conductivity and
the bump in the reduced specific heat C/T® are closely
connected with the appearance of the boson peak in
the low-frequency Raman spectra. The phenomenological
soft potential model [13-17] and the microscopic elastic
dipole model [18-22] successfully explain the intermediate-
temperature properties by existence of quasilocal vibra-
tions, which interact with acoustic phonons. Moreover,
these vibrations and the two-level systems, responsible for
the low-temperature properties, have a common origin.

According to the soft potential model [23,24] the quasi-
local vibrations give the dominant contribution to the in-
elastic Raman (and neutron) scattering in glasses and are
responsible for the boson peak. The Stokes Raman inten-
sity is described by equation (2) with a coupling constant
A(w) independent of frequency. The boson peak appears
in the reduced density of states, g(w)/w?, as a result of
the elastic interaction between different quasilocal vibra-
tions. The soft potential model predicts also that the bo-
son peak position corresponds to the Ioffe-Regel crossover
frequency for acoustical phonons, which can be calculated
using well known parameters of amorphous solids obtained
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from low-temperature thermal and acoustical measure-
ments. Recently, this prediction has been verified for eight
glasses [25].

During the last decennary many other theories were
proposed to explain the boson peak in amorphous solids.
Elliott [26] has proposed that intrinsic density fluctu-
ation domains exist in glasses. These domains cause
strong Rayleigh scattering of acoustic phonons and lead
to phonon localization. Therefore, a position of the bo-
son peak is determined by the diameter of the density-
fluctuation domains via the loffe-Regel criterion. However,
the experimental study of a borate glass system [27] has
shown that this model is oversimplified. The position of
the boson peak is not related to the position of the first
sharp diffraction peak (FSDP) in the static-structure fac-
tor. It was proposed that the type of vibrational modes
and their dynamical/geometrical coupling should be taken
into account. The analysis of the specific heat data in
glasses with different degrees of fragility [28] has shown
that the soft potential model cannot explain very low val-
ues of the excess specific heat observed in fragile glasses
such as CKN, PVC, Se. It was concluded that there is no
direct relation between density of two-level systems and
of excess vibrations. It was also proposed that the ex-
cess specific heat is due to elastic scattering on structural
fluctuations, and the observed difference in the reduced
density of states, g(w)/w?, is due to different amount of
structural fluctuations in fragile and strong glasses. Sev-
eral models [29-31] argue that the origin of the boson
peak in amorphous solids is due to the force-constant dis-
order. Another theoretical approach in the framework of
the mode-coupling theory has shown that the anomalous-
oscillation peaks (AOP) produce the boson peak [32]. The
AOP appear as a result of strong interaction between
frozen glass structure and density fluctuations with mi-
croscopic wavelength. It was mentioned that this theory
is consistent with the soft potential model. The physi-
cal model proposed by Nakayama [33] ascribes the boson
peak in a-SiO, to localized optic-like modes with a char-
acteristic energy and a length scale determined by density
fluctuation domain due to ring size distribution. The anal-
ysis of vibrations in glasses by means of Eucledian matrix
theory [34] shows that the boson peak appears due to me-
chanical instability transition like topological phase tran-
sition controlled by the density. Vibrations that produce
the boson peak are formed by the hybridization of sound
waves with high-frequency modes, which are material de-
pendent and non-universal.

Partly disordered crystals such as quartz irradiated
with fast neutrons were widely used for the study of the
glassy dynamics. Low-temperature thermal and acoustic
properties of the neutron-irradiated quartz crystals were
found very similar to amorphous solids [35-39]. Moreover,
it was shown that the disorder is created in a natural way
and one can produce different degrees of disorder vary-
ing the irradiation dose. Therefore, the study of the low-
frequency Raman spectra in the same samples, which were
studied at low temperatures and for which tunnelling pa-

rameters are known, can help us to verify the suggested
theory and to find the origin of the boson peak.

That is why we have chosen for our study neutron-
irradiated quartz crystals with known tunnelling param-
eters. The main goal of this investigation was to study
the emergence of the boson peak in neutron-irradiated
quartz crystals at lower doses, than were studied previ-
ously [40,41]. At these doses the amorphous part in the
sample could be relatively small and one can investigate
the dependence of the boson peak position and shape on
the dose.

For this purpose we have measured the low-frequency
Raman spectra in neutron-irradiated quartz samples
with intermediate irradiation doses between 4.7 and
9 x 10* n/cm?. This range was not investigated in previ-
ous works. This interval is very interesting for the study of
the boson peak formation because the amorphous phase
in quartz at these doses gradually grows from 35% to 90%
and at a threshold irradiation of about 6 x 10! n/cm?
significant structural changes take place in the sample.
Previous low-temperature ultrasound measurements [38],
have shown that the two-level systems in the crystalline
part of irradiated quartz are anisotropic. Therefore, we
have studied z-cut and z-cut samples irradiated with the
same doses. To make a comparison with previous works
we have also measured Raman spectra of highly irradiated
(>1 x 10?° n/cm?) and unirradiated quartz and silica.

2 Sample characterization and experimental
details

Seven synthetic a-quartz samples of high purity [37], five
z-cut and two z-cut, and two samples of vitreous silica,
Suprasil, were shaped into a cylindrical rod with 8 mm
length and 3 mm diameter. Six quartz samples and one
vitreous silica sample were irradiated in the same reac-
tor at SCK (Mol, Belgium). Use of the same irradiation
conditions permits us to avoid the problems, arising when
one compares irradiation doses of various reactors with
quite different neutron flux distribution. The irradiation
doses (for energy of neutrons above 0.3 MeV) and mass
densities of the samples are given in Table 1. The mass
densities of all samples were measured after irradiation by
a hydrostatic method [37].

In the Table 1 one can see also the value of the amor-
phous fraction in the irradiated quartz samples. The amor-
phous fraction gradually increases from 35 to 100%. The
samples N6 and N8 are quite remarkable: the N6 sample is
mainly crystalline (35% of amorphous phase) and the N8
sample is mainly amorphous (70% of amorphous phase).
The amorphous phase given in the Table 1 was determined
as follows: for the N6 sample we used the value calculated
previously in reference [37]; for sample K17 the amorphous
fraction is 100%, because it is known from X-ray scatter-
ing measurements [42] that a-quartz becomes amorphous
after fast neutron irradiation with dose 1 x 102 n/cm?; for
N8 and N9 we have used a linear approximation for the
calculation of the amorphous part, since the formula from
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Table 1. Sample characterization: irradiation dose, mass
density and amorphous phase fraction for unirradiated and
neutron-irradiated quartz and vitreous silica [37].

Sample Dose Density ~ Amorphous
10" n/cm?®  g/cm? phase, %
a-quartz
unirradiated 0 2.650 0
N6 4.7 2.570 35
N8 6.8 2.395 70
N9 8.9 2.329 90
K17-Q 10 2.256 100
silica
unirradiated 0 2.203 100
K18-G 20 2.251 100

reference [37] is valid only for rather small concentration of
amorphous regions. Our approximate values for these sam-
ples are consistent with the value 65% from reference [42]
for an irradiation dose of 7 x 10'*° n/cm? and with small-
angle X-ray scattering (SAXS) measurements from refer-
ence [40], which show the presence of remnant crystal-
lites in the sample with irradiation dose 9 x 10! n/cm?.
From the integrated intensity of the zero-angle peak in
the SAXS curve the approximate volume fraction of crys-
tallites was found to be 7%. However, we need to men-
tion that comparison to results of other laboratories are
not readily possible due to different flux distributions in
different reactors (see [43]). Here we have used for our
comparison the values of the mass density as a parameter
which indicates the same structural changes after irradia-
tion. In addition we have further analyzed the behaviour
of the macroscopic tunnelling parameter C for irradiated
z-cut a-quartz samples (previously measured in our lab-
oratory [44]) and have found that it repeats the linear
dependence of the amorphous fraction on the dose (see
Fig. 6). Since the tunnelling systems created in the crys-
talline part of irradiated quartz give no contribution to
the tunnelling parameter in z-cut samples, one can use
this parameter for the estimation of the amorphous part
created in a-quartz due to irradiation. This estimate is in
agreement with the used values.

The rapid decrease of the mass density p with irradi-
ation dose is clearly seen in the Figure 1. Vertical arrows
in the figure indicate the investigated samples. The irra-
diation doses for the samples N6 and N8 are close to the
threshold value 6 x 10! n/cm? indicated by the dash-
dotted line. At this dose significant irreversible structural
changes take place in quartz crystals. Crystalline quartz
irradiated with a dose above this threshold evolves af-
ter heat treatment at 700-800 °C to the vitreous silica
phase [45], whereas quartz irradiated with a dose below
the threshold value reverts after the same heat treatment
to crystalline quartz.

The Raman spectra were excited by the 488 nm line of
an argon-ion laser with a power on the sample of 120 mW.
Stokes and anti-Stokes spectra were recorded at room tem-
perature in the low frequency range — from 15 cm™! to

2.8 1
L I

Py 2.7 ;7 NG : O irradiated crystal quartz 7;

”)g 26k | o irradiated a—Si0,

X ‘

S25f | E
L |

> 2.4 F ‘ -

= C I

% : ‘ o lKW*Q

% 2.3 F I ]
r L t— —— - — — W Q@
3 | K18-G ]

[ [ Ll N R

Q S 10 15 20

Dose (10" n/cm?)

Fig. 1. Density of irradiated quartz crystal and vitreous sil-
ica as a function of the dose [37]. Arrows indicate investigated
samples. The vertical dash-dotted line shows the threshold dose
where significant structural changes take place in a quartz crys-
tal [38]. The solid and dashed lines are guides to the eye only.

150 ecm~! for VV polarisation using a double monochro-
mator Ramanor U-1000 equipped with a photon-counting
system. The resolution was 2.5 cm™'. The experiments
were performed in the 90° geometry so that the scattered
light propagated along the x-axis in the x-cut samples and
along the z-axis in the z-cut samples. We have measured
only polarized spectra, because the depolarization ratio is
constant in this region and therefore, the position and the
shape of the boson peak do not depend on the polariza-
tion (for vitreous silica a depolarization ratio of 0.30 was
found in the low-frequency region w < 120 cm ™! [46]; and
for neutron-irradiated quartz see Fig. 2 from Ref. [40]).

In the Raman spectra of irradiated quartz we observed
a frequency-dependent background due to luminescence
from electronic defects, which was rather high in samples
N8, N9 and K17-Q. To reduce this parasitic luminescence
background these samples were heat-treated for several
hours at 400 °C in a hydrogen atmosphere and then mea-
sured again.

In the detailed study of the influence of heat treatment
on tunnelling states in neutron-irradiated quartz [44,45]
it was shown that this heat treatment does not change the
tunnelling density of states P and the deformation poten-
tial v. Raman spectra of heat-treated samples N8, N9 and
K17-Q showed the absence of the frequency-dependent
background. Only in the N6 sample this background is
still present, but it is very small in the boson peak re-
gion in the anti-Stokes part of the spectrum. Bates et al.
reference [40] have also annealed their irradiated quartz
samples at 300 °C during several hours to remove the lu-
minescence contribution.

3 Experimental results

Raman spectra (anti-Stokes part) for all z-cut investigated
samples scaled and arbitrarily shifted vertically (for them
not to overlap) are shown in Figure 2. In the spectra of
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Fig. 2. Raman spectra for neutron-irradiated (N6, N8, N9,
K17-Q) and unirradiated quartz (lowest curve) and neutron-
irradiated vitreous silica samples (K18-G). Spectra are differ-
ently scaled and shifted vertically.

irradiated quartz crystals and vitreous silica one can see
the broad peak, the boson peak, at about 65 cm™!. This
peak is also seen in quartz sample N6 that is mainly crys-
talline (65%). But in this case it is superimposed by an
inhomogeneously broadened crystalline line at 128 cm™!.
This crystalline line is not seen explicitly in samples ir-
radiated at higher dose, but it does not disappear at all
with disorder. We will discuss in Section 4 that its pres-
ence modifies the frequency dependence above the boson
peak frequency (makes it less steep).

In crystalline quartz the line was assigned to the dou-
bly degenerated E (LO+TO) Raman line [47]. In irra-
diated quartz the intensity of this line is several times
smaller, and it is much broader. It can be explained by
inhomogeneous broadening and stress-induced splitting of
the crystalline E line due to disorder induced by neutron
irradiation. Stress-induced splitting of this line in crys-
talline quartz was investigated in details in [48]. This split-
ting can be seen at low temperatures, while at room tem-
perature one observes the broad line.

We have observed also that this 128 cm ™! line is shifted
to lower frequencies after irradiation, its maximum is at
120 cm~! in quartz sample N6. The same shift was ob-
served in a previous Raman study in a brother sample
(irradiated with the same dose in the same reactor at
the same time) [49]. In this study Raman spectra of five
neutron-irradiated a-quartz samples (all from our labora-
tory except one) were measured in the frequency range
100-500 cm~!. The behaviour of the four Raman lines at
466, 357, 206 and 128 cm~! was studied. The obtained
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results have shown that in the four samples with irradi-
ation doses <4.7 x 10'° n/cm? this behaviour is similar
to that observed during the a—@ transition in a-quartz.
In the sample with irradiation dose between our doses for
N6 and N8 (it was irradiated in another reactor with dose
5.45x 10! n/cm? and the mass density of this sample was
2.46 g/cm?®) the Raman spectrum shows only one line at
466 cm~!. This indicates that essential structural changes
oceur in a-quartz after irradiation >5 x 10! n/cm?.

As we have discussed in section 1, the intensity of the
first order Raman scattering by harmonic vibrations is
given by equation (2) for the Stokes Raman intensity, and
by equation (4) for the anti-Stokes Raman intensity:

n(w,T)

Ia,T) = Aw)g(w) =2

(4)
As we have mentioned in Section 1, we analyse in the first
approximation our Raman data in the framework of the
soft potential model. According to the model, the coupling
constant for light scattering from quasilocal harmonic vi-
brations is independent of frequency [23], A(w) = A.

The reduced Raman intensity defined as follows

L(w) = Ag(w) /o’ ()
can be calculated from the Stokes and anti-Stokes scatter-
ing. We have compared the reduced intensity calculated
from Stokes and anti-Stokes parts of the Raman spectra
and indeed have found that they are the same with accu-
racy 3-5%. The experimental Raman intensity is propor-
tional to this quantity at high temperatures, kT > hw.
For frequencies around the boson peak this inequality is
satisfied already at room temperatures. This analysis also
shows that the boson peak is not a peak in the density of
vibrational states, g(w), but a peak in the reduced density
of states, g(w)/w?.

In order to compare the shape of the spectra at dif-
ferent doses the reduced and scaled Raman spectra (anti-
Stokes part) for the xz-cut irradiated quartz crystals and
irradiated amorphous silica are shown in Figure 3. One
can see that the shape and the position of the boson peak
(at 65 cm™1) is nearly the same for the four z-cut samples
with irradiation dose >6.8 x 10'” n/cm?. The spectrum of
sample N6 has a different shape, but the position of the
boson peak is also the same. In Figure 3 for comparison
we show the boson peak in unirradiated vitreous silica
measured on the same experimental equipment. Its max-
imum around 50 cm ™! is clearly below the maximum in
our irradiated samples. The position of the maximum is
in agreement with the generally known value [1,46].

We have measured Raman spectra also in z-cut sam-
ples with irradiation doses equal to the ones of N6 and
N8 and found no difference compared to z-cut samples in
the boson peak region (see Fig. 4). It indicates that the
Raman scattering from quasilocal harmonic oscillators is
isotropic.

So, quite surprisingly, starting with the dose 6.8 x
10 n/cm? the position and the shape of the boson peak
(at higher doses) remains nearly unchanged for all the in-
vestigated samples and does not depend on the irradiation
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Fig. 5. Density of vibrational states (scaled) for neutron-
irradiated quartz and irradiated vitreous silica (calculated from
anti-Stokes Raman intensity). The arrow indicates the position
of the boson peak. We assume here that the coupling constant
A(w) is independent of frequency. The dashed and dotted lines
show the ocw? and the ocw!:® dependences respectively.

dose. The boson peak position in these samples is consis-
tent with the value given by Bates et al. [40].

Measurements of Terki et al. [41] give another value for
the boson peak maximum in the same quartz (K17-Q) and
silica (K18-G) samples with the highest dose: 7245 cm~!.
This discrepancy can be explained by the fact that their
samples were not annealed to remove the luminescence
background from the Raman spectra. This background
was subtracted artificially by means of a polynomial fit in
their analysis.

4 Interpretation and discussion

As we have discussed in Section 1, the soft potential model
has put forward that the quasilocal harmonic oscillators
give the dominant contribution to the inelastic Raman
scattering in glasses and are responsible for the boson
peak. According to the model, the interaction between
them leads to the very fast increase of their density of
states with frequency g(w) o w?, then the anharmonic-
ity existing in amorphous or disordered solids stabilize
the structure to a new one with the vibrational den-
sity of states gnew(w) o w. To verify this behaviour of
the vibrational density of states in our neutron-irradiated
quartz samples we have plotted in Figure 5 the value
I (w)w? = Ag(w) versus frequency.

One can see the steep rise of the density of states below
the boson peak frequency, which is indeed proportional
to w*. Then it is changed to a more smooth dependence
above the boson peak frequency. However, this depen-
dence is a little steeper than predicted by the soft po-
tential model: gpew(w) o w!®. The possible reason is that
the crystalline peak observed in the samples N6 (z-cut and
z-cut) at 120 cm~! is very close to the boson peak posi-
tion and these vibrational modes can give an additional
contribution to the vibrational density of states above the
peak. One can see also that for our samples there is no
peak in the density of vibrational states at the boson peak
frequency.
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An important issue is whether the boson peak corre-
sponds to the Ioffe-Regel criterion for acoustical phonons.
In reference [23] the conjecture was put forward that the
boson peak corresponds to the Ioffe-Regel criterion for
phonons. At the Ioffe-Regel crossover frequency wy the
mean free path of acoustical phonons becomes equal to
the phonon wavelength A = 27v/wy. Because of resonant
scattering on the quasilocal harmonic oscillators the in-
verse mean free path of acoustical phonons has the same
frequency dependence as the density of states g(w)

_ w2 r Cw [hw\®
lrei,HO = Wﬂ(w) = mT (W) X W4a (6)

where M is the effective mass of a soft quasilocal vibra-
tion mode, A is the coupling constant describing the bi-
linear coupling of the soft mode with acoustical phonons,
p is the glass density and v the sound velocity. The small
dimensionless parameter C' is equivalent to the macro-
scopic tunnelling parameter C = P~%/pv? in the stan-
dard tunnelling model [50]. Here P is the density of states
of the two-level systems and ~ represents their coupling
with phonons. The characteristic energy W in equation (6)
gives the scale of levels in the soft mode. It can be deter-
mined from experimental data [14,15,17]. For example, it
can be derived from the maximum in the thermal conduc-
tivity plotted as «(T)/T versus T: W = 1.6kpTaz, OF
from the minimum in the reduced specific heat C(T)/T:
W =~ 1.8kpTin. Usually for amorphous solids the value
of W/kp varies from 1 to 6 K [17]. For vitreous silica
W/k‘B ~ 4 K.

The scattering given by equation (6) resembles the
Rayleigh scattering from glass inhomogeneities (but has
a completely different origin) and is responsible for the
appearance of the plateau in the thermal conductivity
of glasses [16]. It was observed in vitreous silica via a
non-equilibrium phonon propagation [51] and identified
recently in densified vitreous SiOs from inelastic X-ray
scattering [10]. As regards the Rayleigh scattering from
glass inhomogeneities, it was shown to be too small to ex-
plain the plateau [52] and therefore can be neglected in
comparison with (6). The same conclusion has been made
in the elastic dipole model [18,19].

As follows from equation (6) the crossover frequency
wq depends on two well known parameters for amorphous
solids W and C'

hwg ~ 0.75WC /3, (7)

This conjecture was verified in reference [25]. It was found
that for 8 investigated glasses the boson peak frequency
wp (measured from Raman) is indeed proportional to the
Toffe-Regel crossover frequency wy for phonons

wp & 1.53wyq. (8)

Therefore it gives evidence that above w;, phonons cease
to exist as well defined plane wave excitations contrary
to the claims of references [7,8]. The same conclusion was
made earlier from the analysis of the thermal conductivity
data [53].

c, (10°)

0 4 8 12 16 20
19 2
Dose, 10 " n/cm

Fig. 6. Macroscopic tunnelling parameter C; for z-cut and
z-cut a-quartz samples. Cy, is the average value C; calculated
using equation (9).

Using equations (7, 8), we calculated the boson peak
frequency wyp for our samples. According to the soft po-
tential model W oc £-1/3 i.e. it only weakly depends on
the energy of the atomic scale £. Therefore, it should
be nearly the same for amorphous SiO; and irradiated
quartz. For our estimates we used the same value W/kp =
4.2 K as for a-SiO5. We verified that this value is also in
accordance with thermal conductivity data in neutron-
irradiated quartz (with our doses), following the ideas of
reference [17] where the parameters W for different amor-
phous solids were derived from the maximum in x/7T.

The macroscopic tunnelling parameter C; was taken
from ultrasound velocity measurements [54] for longitudi-
nal polarization of the ultrasound. It is known that C
from velocity measurements is more precise than from
attenuation measurements. Since for different crystallo-
graphic directions of the sample it was found to be differ-
ent, we used for our estimates an average value

C) = [2Ci(x — cut) + Ci(z — cut)]/3. (9)

Using the average value of C; for sample N6 is possible
because as we will show hereafter, there is experimental
evidence that the concentration of quasilocal harmonic os-
cillators inside the crystalline and amorphous regions are
of the same order.

Indeed, as seen before from the low-temperature
ultrasonic attenuation and velocity data that a substan-
tial amount of the two-level systems resides in the crys-
talline part of the sample N6 and these “crystalline” two-
level systems behave anisotropically [38]. To show this
anisotropic behaviour we plotted in the Figure 6 the mea-
sured values of the microscopic tunnelling parameter C)
for z-cut and z-cut irradiated quartz samples. We also
plotted the values of C; calculated using equation (9). One
can see that the behaviour of C is indeed very anisotropic
for doses from 1x 10 n/cm? to 1x10%° n/cm?. A remark-
able observation is that C; saturates already at a rather
low dose N6 and becomes equal to that in fully amorphized
quartz, although the sample N6 is still 65% crystalline. As
we know the macroscopic tunnelling parameter C; oc P2,
Ultrasound data indicate that the mean value of the cou-
pling coefficient v must be very similar to the value in
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Table 2. Parameters C; (Ref. [54]) and experimental and the-
oretical (Egs. (7), (8)) boson peak frequencies for neutron-
irradiated quartz crystals and vitreous silica samples.

Sample C C C, Wh Wh
1075  107S 1076 cm™! cm™!
x-cut z-cut average theory experim.

quartz

N6 155 60 123 67.8 66 + 3
N8 144 85 124 67.6 67+£3
N9 130 111 124 67.6 67+ 3

K17-Q 125 125 125 67.5 67+£3

silica

unirrad. - - 300 50 51 £+ 3, 52¢

K18-G - - 150 63.5 66 + 3

@ Reference [1].

the completely amorphized sample K17. Indeed, the tem-
perature of the maximum in the low temperature velocity,
which is an indication for the mean ~, is very similar in N6
and K17. This indicates a similar density of two-level sys-
tems in N6 and K17. Since according to the soft potential
model the concentration of two-level systems and quasilo-
cal harmonic oscillators are in a direct relation with each
other, this also indicates that there might be nearly the
same concentration of quasilocal harmonic oscillators in
the crystalline part of N6 and in its amorphous part and
in the completely amorphized sample K17.

We also measured the Raman spectrum in an irra-
diated vitreous silica sample K18-G, which is again an-
other phase of a-SiOs, for comparison. Vitreous silica af-
ter neutron irradiation with high dose (~1 x 10?° n/cm?)
evolves to a similar metamict phase as neutron-irradiated
quartz. Many authors consider it to be the same phase as
the metamict phase, because many physical properties are
the same within experimental error. This was observed in
small-angle X-ray scattering and in Raman and infrared
spectroscopy [40]. Mass density measurements also con-
firm these observations (see Fig. 1). Ultrasound measure-
ments performed in our laboratory have indeed found the
similar values of the macroscopic tunnelling parameter in
the neutron-irradiated vitreous silica sample K18-G as in
the irradiated quartz sample K17-Q (see Tab. 2) and it
was found that the tunnelling density of states P is also
quite similar.

In Table 2 we collected the parameters C; and the bo-
son peak frequencies wy of neutron-irradiated quartz and
vitreous silica samples. One can see that the average value
of O is nearly equal for all investigated samples and there-
fore, the calculated boson peak frequency is also equal.
This is in very good agreement with the experimental ob-
servations. As can be seen from the last two columns of
Table 2 the experimental values for the boson peak fre-
quency wy agree very well with the values calculated from
the equation (8). We should stress that no fitting param-
eters were used in our calculations. This is a surprising
result for us since we expected to find a rather strong influ-
ence of the dose on wy, since the structure of the irradiated
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Fig. 7. Positions of the boson peak wy for different amorphous
solids (from Raman spectra) versus Ioffe-Regel crossover fre-
quency wq (from Ref. [25]). The arrow indicates the additional
point for our sample N8.

quartz samples evolves from a 35% amorphous fraction to
100% and the mass density from 2.57 to 2.26 g/cm?.

The obtained results strongly support the idea that the
boson peak in irradiated quartz corresponds to the IToffe-
Regel criterion for acoustic phonons, established earlier
for many amorphous solids. To illustrate this we show in
Figure 7 (Ref. [25]) how the position of the boson peak
in neutron-irradiated quartz fits exactly the theoretical
predictions given by equation (8).

The observed behaviour of the boson peak in neutron-
irradiated quartz and vitreous silica are very similar to
that reported for the densified vitreous silica [55,56]. As
one can see from the Table 2, the peak position in irra-
diated vitreous silica is shifted for 15 em™! to higher fre-
quencies. A similar shift was observed in Raman spectra
of permanently densified silica samples [55]. It was shown
that this shift increases with increasing pressure used for
the densification, and for the pressure of 16 GPa its value
is also 15 cm 1. Bates et al. [40] have also observed a sim-
ilar shift (13 cm™!) of the low-frequency peak in the Ra-
man spectrum of irradiated a-SiO2 (dose 2 x 10%° n/cm?).
It was concluded that as a result of irradiation, regions
of more compacted structure are formed. The interaction
between the soft oscillators inside such a region is stronger
and therefore, according to the soft potential model, this
leads to the shift of the boson peak to higher frequen-
cies [24]. This result is also consistent with the conclusion
of the inelastic neutron scattering study of densified sil-
ica samples [56] that the origin of the boson peak can be
attributed to a soft mode, which is associated with the
additional degree of freedom provided by the void space
of the intermediate range structure. In the next section we
will discuss the microscopic origin of the boson peak.

5 Origin of the boson peak
in neutron-irradiated quartz and a-SiO,

Lattice vibrations in a-quartz were intensively studied
using Raman scattering [47,57-61], infrared [62], and
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neutron scattering measurements [63]. Several theoretical
models were proposed to explain the lattice dynamics of
quartz [63-67]. At 573 °C quartz undergoes a phase tran-
sition from o phase with mass-density 2.65 g/cm? to the
high-temperature 3 phase with mass-density 2.53 g/cm?®.
[-quartz also has nine atoms per elementary cell, however
its symmetry changes from trigonal D3 to hexagonal Dg.
Raman spectra of g-quartz were studied by Bates and
Quist [68]. At 559 °C they observed a broad band with
symmetry A; centered at 69 cm™! that shifts to lower
frequencies with increasing temperature and disappears
under the Rayleigh wing above 580 °C. It was concluded
that this band is connected with the phase transition.

It is known that in the case of a second-order phase
transition in crystals, there occurs either a displacement
of the sublattices of the crystal in the direction of one of
the normal oscillations, or an ordering of the positions
of the sublattices in accordance with certain oscillations.
Ginzburg has developed the theory [69-71] which relates
displacement type second-order phase transitions with the
crystal lattice dynamics. According to this theory a soft
mode should be a general characteristic of second-order
phase transitions in all crystals. For the case of the a — 3
transition in quartz it was concluded that the frequency of
at least one of the A; lines (207, 356, 1082 cm™!) should
become zero at the transition point and the intensity of
this line increases. The line at zero frequency is due to the
second-order Raman scattering and it is not only rather
strong near the transition point, but also present above it.

Kleinman and Spitzer [65] have calculated the atomic
motions and frequencies of the eight nondegenerate opti-
cal vibrations of a-quartz on the basis of a valence force
model. They have shown that the 207 ecm ™! vibration in-
volves atomic motions very similar to those of the a — 8
transition. According to their work this mode is described
as a motion of O atoms normal to the plane of the Si-O-Si
unit. Their calculations revealed also that the O bending
constant should be small and possibly negative.

Detailed Raman studies of the a—f transition [72] have
indeed shown that a soft optic phonon at 207 cm ™! goes to
zero frequency at the transition temperature. Moreover, it
was proposed that this soft mode has a strong interaction
with two zone-edge acoustic phonons, which are responsi-
ble for the A; Raman line at 147 cm ™! in ae—quartz. In a
more recent study of g-quartz by means of hyper-Raman
scattering [73], a silent soft phonon mode with symme-
try By at zero frequency was observed for the first time.
This result validates the conclusion, that the a—( phase
transition is a simple displacement type phase transition.

The transition mechanism was proposed in the model
of Grimm and Dorner [74]. According to this model the
SiOy4 tetrahedra are assumed to be rigid. During the a—(
transition they rotate along their binary axis. The Si-
atoms remain fixed to a first approximation. Rotations
of tetrahedra are coupled along the chains. Thus the com-
plete motion of the structure during the a—4 transition is
described by means of a single parameter: the tilt angle
around the binary axis. This angle is about 7° at the tran-

sition temperature and a corresponding distance between
the two possible oxygen sites is 0.3-0.4 A.

Studies of the transition region using electron micro-
scopy and neutron scattering [75-77] revealed the
existence of the incommensurate phase within a small
temperature interval of about 1.3 K between the usual
«a- and (-phases. It was observed that in the vicinity of
the transition the a-phase breaks up into arrays of colum-
nar triangular domains parallel with the c-axis. They have
a Dauphiné twin structure, i.e. related by a 180° rota-
tion around the c-axis, and are arranged following regular
(hexagonal) networks. The size of the domains is about
a few tens of nm, which decreases with increasing tem-
perature. The domain walls (Dauphiné twin boundaries)
are constantly vibrating, thus transforming continuously
the al orientation into a2. From the observations of the
particular geometry of the diffuse intensity observed in the
electron diffraction patterns it was concluded that this ge-
ometry is related to the phonon mode, which drives the
transition from « to [B-phase. This diffuse scattering in-
creases in intensity with temperature and it is present as
well in the « as in the -quartz. It is especially intense in
the vicinity of the transition, but it still exists in the (-
phase. Moreover, it is not related to the domain structure.
It is present, within a single domain of the c-modification,
as well as in the g-phase.

The analysis of the irradiation-induced structural
changes in a-quartz using Raman [49,78,79] and X-ray
spectroscopy [42,80] have shown that they are very similar
to those observed during the a—f transition. The irradia-
tion with fast neutrons produces not only amorphous re-
gions with a size of about 20-30 A, but also leads to the de-
velopment of an increasing volume fraction of microtwins
in the crystalline part of the irradiated samples. It turned
out that the geometric model proposed by Grimm and
Dorner [74] to explain the structural changes in quartz
at a—( transition can be used for the calculation of the
atomic positions for neutron-irradiated quartz [80]. X-ray
spectroscopy has also shown that at a dose similar to that
of our sample N6 the microtwin formation saturates and
the lattice becomes hexagonal [42].

Ultrasound measurements performed in our laboratory
have also led to the conclusion that the two-level systems
created in neutron-irradiated quartz can be attributed to
a rotational motion of the chains of tetrahedra, simi-
lar to those observed during the a—j transition [38,44].
This microscopic picture is similar to the model proposed
by Buchenau et al. [4,5] for the vibrational modes ob-
served by inelastic neutron scattering in vitreous silica (see
Sect. 1).

Theoretical models for the irradiation-induced amor-
phization [81-83] show that during ion (and also fast
neutron) irradiation there are clusters with liquid-like
properties, which exist a very short time (10712 s). We
propose that the ultrafast cooling (10*® K/s) leads to the
appearance of microdomains, which are frozen in in the
crystalline environment (firstly inside these amorphous
clusters and secondly in the crystalline matrix itself).
Their existence we can see from the Raman spectra of our



56 The European Physical Journal B

irradiated quartz sample N6, which has a 65% crystalline
fraction, from anisotropy in ultrasound velocity change
and absorption (see Fig. 6). We can say that the fast neu-
tron irradiation leads to the appearance of an agglomer-
ative structure: separate amorphous clusters inside crys-
talline regions or for high doses inside amorphous regions.
It is possible that such structure can exist also in high
temperature polymorphs: tridymite and cristobalite. We
propose that the same process occurs during glass forma-
tion: the formation of amorphous silica from the melt. This
process is slower (105-101° K/s). However, it is rather fast
and a metastable microdomain structure appears in amor-
phous SiO (frozen metastable phase transition structure).
Therefore, the origin of the boson peak can be attributed
to the soft optic mode that is characteristic for the a3
transition in quartz. This mode corresponds to the cou-
pled libration motion of the tetrahedra along the chain
as was described above and has a small restoring force.
The same conclusion has been made in a recent inelastic
neutron scattering experiment [12]. Hyper-Raman mea-
surements of the boson peak in a-SiO4 [6] have also shown
that the intensity of the peak is very high. This high inten-
sity of the second-order Raman scattering is characteris-
tic for the a—f transition in quartz. The main differences
between irradiation-induced amorphization and quench-
ing amorphization can be the density and the size of these
microdomains, and also the strength of the interaction be-
tween the local soft modes. Therefore, the position of the
boson peak is different in amorphous silica and in highly
irradiated quartz and a-SiO5 samples.

6 Conclusions

We have verified the physical mechanism, which is pro-
posed by the soft potential model to explain the appear-
ance of the boson peak in low-frequency Raman spectra
of amorphous and disordered solids. Comparing the ex-
perimental data on Raman scattering and the tunnelling
parameters obtained from the ultrasound measurements
in the same samples with the predictions of the soft po-
tential model, our study confirms that the boson peak
position in neutron-irradiated quartz crystals and amor-
phous silica corresponds to the Ioffe-Regel crossover fre-
quency for acoustical phonons. The observed shape of the
boson peak can also be explained in the framework of this
model, which assumes that the quasilocal optic-like vibra-
tions provide the main contribution to this peak.

However, our study cannot answer on the question
concerning the frequency dependence of the Raman cou-
pling constant. It would be very useful from our point of
view to measure hyper-Raman spectra in the same sam-
ples, because as was observed in vitreous silica, the vi-
bration modes which are not active in Raman scatter-
ing contribute substantially in the boson peak observed in
hyper-Raman scattering [6].

Our observation of the boson peak in sample N6 with
the lowest dose (4.7 x 10! n/cm?) that is mainly crys-
talline shows that this dose is sufficient to create the con-
centration of quasilocal vibrations, which is necessary for

the appearance of this peak. Moreover, these vibration
modes reside not only in amorphous clusters created by
fast neutrons, but also in the disturbed crystalline part
of the sample. This observation supports the results of
the previous low-temperature ultrasound measurements,
which have shown the high concentration of the tunnelling
states in the crystalline part of the sample. It confirms the
idea about the common origin of the tunnelling states and
quasilocal vibrations in neutron-irradiated quartz and also
in vitreous silica.

From the detailed analysis of the Raman and X-ray
scattering, and also electron microscopy data of quartz
during a—( transition and the results of our Raman
scattering and the previous low-temperature ultrasound
measurements in neutron-irradiated quartz, we have put
forward a model for the origin of the boson peak in
neutron-irradiated quartz and vitreous silica. This origin
is the soft optic-like mode analogous to the soft mode
that drives the a—@ transition in quartz. This mode corre-
sponds to the coupled libration motion of the tetrahedra
along the chain and is responsible for the appearance of
the microdomain structure during the phase transition.
Such microdomains are created by fast neutrons in quartz
crystals or during the quenching from the melt in vitreous
silica. The interaction between the local optic modes is
mediated by acoustic phonons. The position of the peak
depends on the concentration and size of these modes and
also on the strength of their interaction.
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