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Hyper-Raman Scattering Observation of the Boson Peak in Vitreous Silica
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Hyper-Raman spectroscopy is used to investigate low frequency vibrations of various silica glasses.
A strong boson pesk is observed. The corresponding modes are inactive in infrared and Raman spectra,
and are nonacoustic in nature. The shape of this boson peak essentially matches the total density of
vibrational states (DOS), with a constant coupling coefficient C. This and other indications suggest that

these modes actualy dominate the DOS of silica.

PACS numbers: 63.50.+x, 78.30.Ly, 78.35.+C

A central question on glasses is that of their structure at
intermediate length scales of ~10 to ~50 A. For techni-
cal reasons, this cannot be addressed with the usual struc-
tural analysis methods [1]. However, this structure affects
the vibrational spectrum at sufficiently low frequencies w.
Hence, the great interest in the boson peak. This is a
low-w spectral component, first observed in Raman scat-
tering (RS) [2—4], much investigated in inelastic neutron
scattering (INS) [5—7], but whose origin remains debated.
As its name indicates, it obeys Bose-Einstein statistics,
while thermal relaxations do not. Its position in w cor-
responds to the excess specific heat and to the plateau in
the thermal conductivity [4], which are universal features
of glasses observed at about 10 K. It also seems to corre-
spond to the apparent onset of strong scattering of acous-
tic phonons, i.e., to the end of what can rightly be called
acoustic branches [8]. The interest in observing this o
region with hyper-Raman scattering (HRS) is that the se-
lection rules are distinct from these of RS and infrared (IR)
spectroscopies [9]. In HRS two photons are absorbed for
one emitted; all IR-active modes are allowed, but there are
modes silent both in IR and in RS that are active. Fur-
thermore, in systems of sufficiently high symmetry there
ismutual exclusion between RS and HRS. It is of obvious
interest to investigate the presence of aboson peak in HRS
from glasses, and to compare the results to those of other
Spectroscopies.

HRS from glasses, pioneered by Denisov et al. [9,10],
is a technically demanding experiment, the signal being
typically ~10° times smaller than in RS. The early work
was limited in resolution, and the very extensive results
on glasses did not include the low-w region in the wings
of the intense elastic or quasielastic second harmonic scat-
tering. Charge-coupled devices (CCDs) now alow one to
achieve resolutions comparable to those of RS, with rea-
sonable acquisition times. In this Letter, we report the
first HRS observation of boson peaks in various forms of
vitreous silica. The results are compared to those for the
lowest TO-LO pair [11] measured in the same experiment
at ~460-510 cm™!. It is shown that the boson peak and
the TO-LO pair obey very different selection rules. This,
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and a comparison to other spectroscopies, allows one to
propose an assignment for the boson peak observed in sil-
icawith HRS. The latter, which is distinct from the peak
in RS, also seems to have the mgjor weight in the vibra-
tional density of states (DOS) in that « region.

HRS was excited at 1.064 uwm wavelength with the
~100-ns-long pulses from a Q-switched Nd:YAG laser of
1 kHz repetition rate. The average power was ~1.4 W.
The beam was sharply focused with a f = 1.8 cm lens,
to a ~30 um diameter waist in the sample. The polar-
ization of the incident light was fixed (V), and that of the
scattered light could be selected with an analyser (V or
H), which could aso be removed to increase the signal
(V + H). A quarter wave plate was placed after the ana-
lyzer to avoid spurious polarization effects, alowing a
quantitative comparison of VV- and VH-scattering effi-
ciencies. The hyper-Raman signal was dispersed with a
single grating monochromator of ~ f/5 aperture, and de-
tected with a liquid N,-cooled CCD camera. The spec-
tral resolution is 5 cm™! full width at half maximum, as
seen from the second harmonic signa (SHS in Fig. 1a).
Measurements on either tetrasil vitreous silica (v-SiO») or
densified silica (d-SiO,) with p = 2.43 g/cm’ [12] were
performed at room temperature. The OH content of both
samples is negligible (below 3 ppm), as checked with IR
transmission of the 2.73 wm OH band.

Figure 1la shows the HRS intensity, I(w), of v-SIO, af-
ter standard data treatment, with frequenciesin wave num-
bers w /27 c. It iscompared to a RS spectrum of the same
sample, in the same geometry. The latter was obtained
with 5145 A excitation, dispersed with a Jobin-Yvon triple
monochromator, and detected with a CCD camera. The
shapes of the HRS and RS signals are obviously very dif-
ferent. RS is dominated by the band at R, due to the sym-
metric stretch [13] (or “rocking” [14]) of bridging O atoms.
As aready known [9], there is no corresponding compo-
nent in HRS. The TO-LO pair observed in that region
is inactive in RS. Its near coincidence with R is acci-
dental [13]. The D, and D, lines in RS are assigned to
vibrations of small rings [15], also not seen in HRS. Fig-
ure 1b is a semilog presentation of €’ /w derived from IR

© 2000 The American Physical Society 5355



VOLUME 84, NUMBER 23

PHYSICAL REVIEW LETTERS

5 JuNE 2000

107 L v-sio, | ®) |
g \
= IR }
:§ 10° b ‘ E
[e]
}0 ' ! ' ! 1 !
=)
S
= 100 -
£
=
o
%]
o 50 -
6

SHS|| x 0.02

1 L L L 1
0 200 400 600
-1
Frequency w (cm )

FIG. 1. Spectra of v-SiO,: (a) Intensities of hyper-Raman
(HRS) and Raman (RS) scatterings at 90° in (V + H). The
ordinate is for the HRS signal; (b) the imaginary part of the
dielectric constant divided by w from IR reflectivity ([16], solid
line) and absorption ([17], open dots) on a semilog scale.

measurements, where w is also in wave numbers. Thisis
the quantity to be compared to I(w)/(n + 1w [n(w) is
the Bose factor] and thusto I(w) at small . The high-w
part of Fig. 1b is adapted from [16], while the low-w re-
gion is calculated from the far-IR transmission of water-
free v-SiO, [17]. The strong peak in €”/w is the polar
mode corresponding to the TO peak in HRS. At lower w,
one notes the boson-peak maximum at ~30 cm™! in HRS,
while in RS the maximum is at about twice that frequency.
The spectral shapes on the high-w side of these peaks are
very different. Comparing to €”/w, it is clear that the bo-
son peak in HRS is essentially nonpolar, being practically
silent in IR.

To progress, one should consider the properties of HRS.
Take an incident laser field E(r, 1), of wave vector k;
and frequency w;. It induces in the glass a space-time-
dependent polarization P,

Pi(l', Z) = a,-j(r, I)Ej + Bijk(r7t)EjEk + ... (l)

« is the Raman tensor and B is the hyper-Raman tensor
[18]. In this continuum model, both depend on the local
symmetry at r. These tensors are modulated by vibrational
modes ¢, of dimensionless amplitude W,(r) o« ¢~ <. For
the hyper-Raman tensor, one has

B(r,1) = Bo(r) + D [0B/aW @)W (t) + ... (2
{

Bo(r) is a time-independent term producing second
harmonic scattering, and 938/9W, is a quantity whose
symmetries are known for al point groups [19]. The
hyper-Raman polarization leads to a scattered field at fre-
quency w, = 2w; * w;, and wave vector k, = 2k; *
Q. This defines the scattering vector Q. Obvioudly, B
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in (1) is symmetric in j,k. The quantum mechanical
calculation of B shows that, for w; and w, far from elec-
tronic transitions, it is fully symmetric in i, j, k [20]. Our
experimental results indicate that the LO-TO spectrum is
dominated by fully symmetric scattering, while the anti-
symmetric scattering is known to contribute a relatively
small background [10]. As usual, the spectrum is the
Fourier transform of the correlation function of the scat-
tered field, and it is thus given by a suitable projection of

f S {aB/aw, 1 (r + eOH0B/aW, ] ()
4
X AWt + YW (' )e'® " QT dr d®r . (3)

The angular brackets are space and thermodynamic aver-
ages. The second one is proportional to the Bose factor di-
vided by w. Itsintegration over ¢ leadsto 6 (w + w/) [21].
Summing over states of the same variety £, the expression
is proportional to Z;(w) (n + 1)/w, where Z;(w) is the
partial DOS for that variety. This is just like the Raman
case [21]. Which modes contribute depends of course on
the first bracket. For modes that are fairly local, such as
molecular vibrations, the correlation function in the first
bracket is of small extent comparedto 1/Q, so that the in-
tegral over r isindependent of Q. For moleculesit suffices
to take the average of (03/9W,)? over all orientations, as
discussed in [19]. For glasses, 93/dW, can be separated
into its mean B and its fluctuations AB [10]. The mean
has the properties of an isotropic medium, Byyy = 3b,
and Byvy = b [10]. Itisonly active for polar modes, and
for theseit islikely to dominate the spectrum. Thisiswhat
happens for TO and LO, with alarger » value for LO ow-
ing to the electro-optic coupling with the internal field in
that case [22].

Figure 2 illustrates the dependence of reduced HRS
spectra, I(w)/(n + 1)w, on polarization and scattering
angles for v-SiO,. These are proportiona to y"(w)/w,
where y"(w) is the imaginary part of the susceptibility.
The interpretation of the TO-LO pair is fully described in
the works of Denisov et al. [9,22]. Our improved reso-
lution alows us to quantitatively check their analysis. In
VV scattering, only the TO mode scatters, as the LO dis-
placement does not have a component along V. Thus
Iyy < 9b%. In VH, both LO and TO motions project
onto the H direction, so that Iy o« 1b7o + 1bi at 90°.
Since by < bi o, the TO contribution to VH scattering
is weak compared to the LO contribution, as observed.
The inset shows the evolution with angle of V + H scat-
tering. In VH geometry, the LO displacement is parallel
to H in near forward scattering, while it is the TO dis-
placement which is seen in backscattering. Hence, Iy +y
is proportional to 93¢ + big at 0° 9.5b70 + 0.5bi¢ at
90°, and 1063, at 180°. The relative LO and TO signals
agree with the above, however, with a small background
which can arise from the contributions of al other modes
in this region owing to A 8 plus the rather weak antisym-
metric scattering [10]. The spectra of v-SiO, and d-SiO,
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FIG. 2. Reduced hyper-Raman spectra of v-SiO, for different
polarizations and scattering angles (inset). The curves in the
inset are shifted vertically with the baselines shown.

are compared in Fig. 3. The TO mode of d-SiO, trails to-
wards low frequencies. This effect was already noted in
the IR spectrum of v-SiO, (see Fig. 1b), and it was ex-
plained by disorder [16], in particular by the distribution
of Si-O-Si angles. This distribution should widen consid-
erably upon densification, producing the broadening of the
TOlineseeninFig. 3. The LO modes of both glasses prac-
tically coincide. Interestingly, there is little broadening of
the LO line, possibly owing to the long-range electric field
of the longitudinal mode.

We now turn to the discussion of HRSin the boson-peak
region. Figure 2 showsthat Iyy = Iyy, i.e., that the spec-
trum is fully depolarized. Hence, it cannot arise from B
which leads to a depolarization ratio of only 1/9. This
indicates that the modes are nonpolar, aso in agreement
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FIG. 3. Reduced hyper-Raman spectrum of v-SO, and
d-Si0,. The two spectra superpose on the LO peak. The inset
shows the intensities I(w) in the boson-peak region.

with the absence of a LO-TO splitting on the boson peak
(Fig. 2) and with the very low IR absorption at low w
(Fig. 1b). One knows, in the molecular case, that the
largest depolarization ratios are obtained for modes silent
in IR absorption [19]. Since the shape of the HRS boson
peak is so different from the RS boson peak, we conclude
that the modes leading to the HRS peak are essentially
silent both in IR and in RS. The local symmetry in the
glass is mainly that of the SO, tetrahedra 7,. In Ty,
there is only one type of vibrations forbidden in IR and
RS, and active in HRS [19]. These vibrations are the F
modes whose eigenvectors have the symmetry of the in-
finitesimal rotation operators. It suggests that the boson
peak of HRS is principally due to modes involving rota-
tions of SiO, tetrahedra [23]. This agrees with the early
model of Buchenau et al. [5,6], and with more recent simu-
lations [24].

One should thus compare the HRS spectrum to the total
DOS, Z(w), using I(w) = C(w) (n + 1)Z(w)/w, where
C(w) is a coupling parameter such as introduced in [21].
For modes that are not of acoustic type, one expects that
C(w) * 0 [21]. Then, I(w) should directly match the
average S(Q, w) measured in INS at large values of Q.
Indeed, S(Q,w) = (n + 1)Z(w)/w, in the “incoherent”
approximation. That this comparison should be made is
obvious just by considering the insets of Figs. 3 and 4.
The former shows I(w) for both v-SiO, and d-SIO,, and
the latter shows S(Q, w) taken from [25], in which the
line for d-SiO, corresponds to p = 2.63 g/cm’. The re-
semblance is striking. We do not have the information
on S(Q, w) for the density p = 2.43 g/cm’® of d-SiO,
used here. Hence, a quantitative comparison can only
be made now for v-SiO,. The open symbols in Fig. 4
show S(Q, w) a Q = 2 A~1[26]. Thisisessentially con-
trolled by Z(w), and indeed it compares well with the
corresponding curve in the inset. The solid symbols are
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FIG. 4. Inelastic neutron structure factor (open dots) and

scaled HRS intensity /(w) (solid dots), as explained in the text.
The inset shows S(Q, w) for v-SiO, and d-SiO, from [25].
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the HRS signal from which the elastic central peak was
subtracted. The shape of the elastic peak is a property
of the spectrometer that was measured by illuminating a
scatterer with second harmonic light. For the presenta-
tion in Fig. 4, the peaks of I and S were matched. Except
for the wing above ~100 cm™!, the two signals super-
pose. An additional contribution to HRS in the high-w
wing can easily arise from other couplings (such as anti-
symmetric scattering) to modes which in fact do not have
much weight in the DOS. Alternatively, one could sub-
tract just a small background from the HRS spectrum, in
which case it remarkably superposes S(Q, w) over the full
range of w. We conclude that with the present data, the
DOS in the region of interest can be accounted for by the
modes active in HRS, and this with aconstant C. Thus, an
interpretation of S(Q, w) in thisregion in terms of acous-
ticlike excitations only (as suggested, e.g., in [26]) is not
warranted.

In the present interpretation, the density of boson-peak
modes seen in HRS should be much larger than that in
RS. Not knowing the coupling coefficients, this cannot be
checked precisely. However, an order-of-magnitude esti-
mate of the relative strengths of RS and HRS is possible.
For modes that were equally activein RS and HRS, the ra-
tio of intenSitieSWGreIHRs/IRs = (,BE/O[)2 = (E/Eim)z,
where Ej,¢ isan interna field characterizing the electronic
binding [9]. Our relative RS and HRS intensities have
been calibrated by measuring directly the RS signal with
the HRS spectrometer, using second-harmonic excitation.
By comparing intensities at the respective peaks, we find
Inrs/Irs = 5 X 1074, this with E = 10% V/m. If the
modes were equally active in RS and HRS, thiswould give
Eine = 4 X 10° V/m. Thisistoo small by about an order
of magnitude. It meansthat Iygrs might in fact be as much
as 2 orders of magnitude stronger than Igs. Although such
acomparison is only roughly quantitative, this agrees with
the view that many more modes are active in HRS than
in RS.

In conclusion, it appears that the vibrations that pro-
duce the boson peak in HRS are precisely those that con-
tribute the major weight to the total DOS measured in
INS. These vibrations are nonpolar. Their coupling co-
efficient C(w) is constant, as opposed to C(w) * w? for
acousticlike modes [3,27]. Hence, the DOS in the region
of the boson peak is dominated by nonacoustic modes,
silent in RS, while acousticlike modes may contribute to
RS. This finding confirms INS results which have shown
that acoustic modes, in the Debye approximation, could
at most account for ~20% of the whole DOS in that re-
gion [6]. We aso observed a strikingly similar behav-
ior in a rather different silicate glass [28]. Hence, the
main conclusions are not restricted to silica. It will be
most interesting of course to observe HRS from glasses of
other families to extend the understanding of boson-peak
phenomena.
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of d-SiO,, Dr. J.-L. Sauvgjol and Dr. E. Anglaret for their
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