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The terahertz density of vibrational staté®., theboson peakfor several BO; glasses with different
thermal histories was evaluated from specific heat data. It was found that the boson peak density of states is
lower for more annealed glasses, the position of the boson peak maxigwishifting to higher frequencies.
Low-frequency Raman spectra have been recorded for the same set of glasses. By comparison of Raman and
low-temperature specific heat data the light-vibration coupling coefficient has been extracted. The coupling
coefficient C(v) can be described by a linear depende®@e)=A(v/vgp+0.5) in the spectral range
0.5vgp—2vgp for the whole set of BO; glasses, the amplitud& being independent of annealing.

DOI: 10.1103/PhysRevB.67.024203 PACS nuni®er63.50+x, 64.70.Pf, 63.20.Pw

[. INTRODUCTION The physical properties of ®5 glasses change remark-
ably on applying different annealing treatmetftd.he mass
The vibrational motion of glasses with frequenciesn density of glassy BO; is a good parameter to characterize
the terahertz rang@.1—3 TH2 continues to be a very inter- the physical properties of differently annealed sampies.
esting and widely studied topic. The lack of long-range ordel_ow-temperature specific heat measurements reveal changes
in the glass structure leads somehow to an excess in thaf the THz density of vibrational states for differently an-
vibrational density of states over the Debye behavior, aealed BO; glasse®—the broad peak in €, /T2 plot de-
maximum ing(v)/v? that has become known as the “boson creases when the sample density increases. For the same set
peak.” THz vibrations of glasses are studied by several exof B,O; glasses it was found that the boson peak position in
perimental techniques: low-temperature specific heat anRaman spectfd shifts to higher frequencies for more an-
thermal conductivity, inelastic neutron scatterirff x-ray  nealed samples, whereas the high-frequency modes do not
scatterind’~®infrared absorptiod etc. In addition, useful in- show discernible changes. The goal of the present study is to
formation has become available from molecular dynamicdind out for this set of BO; glasses with different thermal
simulations®® Low-frequency Raman scattering is a very of- histories (i) the density of vibrational states an@) the
ten used experimental technigtfewhich relates the density Raman-scattering coupling coefficient. The vibrational den-
of vibrational statesg(») (the number of vibrational modes sity of states will be obtained from the low-temperature spe-
per unit frequency and per unit volumewith the light-  cific heat data by solving the corresponding integral equation
scattering spectrum via the so-called light-vibration coupling(a numerical technique for this procedure was proposed re-
coefficientC(»),* cently in Refs. 17 and 18In order to analyze quantitatively
the changes in the magnitude of the coupling coefficient
C(v), we have performed a normalization of the boson peak
) spectrum by high-frequency modes and have improved the
precision of the Raman experiment in comparison with ear-
lier measurement.
wherel (v) is the Raman intensity for the Stokes side of the |n the next section, we will describe the samples used, the
spectrum andah is the Bose factor. experimental techniques for Raman-scattering measure-

In spite of numerous experimental and theoretical studiesnents, and the procedure employed to obtain the vibrational
the nature of THz vibrational excitations cannot be considdensity of states from specific heat data. In Sec. Ill, the ex-

ered as well understood. There are different views about thgerimental results will be presented. Then, these results will
boson peak origin. The key question remains to identify thepe critically discussed in Sec. IV, under different views and

wave function of boson peak vibrations. Since the light-models currently found in the literature. Section V will sum-
vibration coupling coefficient is a convolution of the cor- marize our main conclusions.

relator of the vibrational wave functioh the study ofC(»)
seems very appealing to check different models and ap-
proaches. An especially interesting issue in this respect
would be to study the coupling coefficient of glasses of the Six boron-oxide glass samplégbeled D1-D5, W2; cf.
same chemical compound, but with a different THz vibra-Table |) studied earlier in Refs. 13—16 have been used in the
tional spectrum. This goal can be achieved by using the fagtresent work. The samples were annealed over different pe-
that many properties of a glass depend on its thermal historyiods of time at temperatures in the vicinity ©f, and then

n+
I(v)=C(v)g(v)

’
14

Il. EXPERIMENT
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TABLE |. Basic parameters of the different8; glassesp, density(Ref. 13; vy, Debye sound velocity
(Ref. 18; Cpepye, cubic coefficient of the specific heat within Debye’s thearyy , boson-peak maximum
position fromg(v)/v2.

Sample Thermal treatment  p[g/cnt] vp [km/g] Coebye [ #J/gK*] vgp [cm 1]
D1 As quenched 1.804 2.055 7.82 15

D2 585K, 48 h 1.806 2.068 7.66 15.5
D3 530 K, 50 h 1.826 2.104 7.19 16.5
D4 525 K,92h 1.823 2.124 7.01 16.5
D5 480 K, 170 h 1.834 2.158 6.64 17.5
W2 490 K, 100 h 1.866 2.233 5.89 19

the density was measured at room temperature. The basavaluated from the low-temperature specific h€si(T)
characteristics of the samplésarameters of thermal treat- (data from Ref. 15by solving the integral equatiéh
ment, as well as measured densities and sound velgaties
presented in Table I. The preparation procedure of tj@;B
samples is described in detail in Ref. 13. Samples D1-D
have a very low water conteritess than 0.5 mol %, see
Table ). Sample W2 has an OHcontent of 5.8 mol% as
determined by infrared spectroscdfy.The five “dry Here p is the mass density ark} is Boltzmann’s constant

glasses exhibit a very simildiy~570 K. For most physical .{the difference betwee@, andCp was neglected The pro-

properties and especially for acoustic ones, the mass denSIc\édure for solving this equation was described in Refs. 17

of B,O; samples is the main parameter that characterizes thgnd 18. The so-extracted density of states is reliable in the
physical properties of BD; glasses. !

Raman right-angle experiments were performed using afrequency range up to 40-50 ch (this high-frequency

\ mit is related to the limiting range of specific heat dda
?nr\%vO’ nalnadsear \(ljvétgb?eyé?;ﬁ:%n?rgzr?c];cilrgﬁ?art]on:’S—:[L)g(\),\é)?r Ac“‘ 2)5((!7 The light vibration-coupling coefficient is given by
periments were conducted at room temperature. HH-
polarization geometry was used in the depolarized scattering plaod V) v
experimeniH denotes horizontal orientation of the electrical C(v)= 9 n(rT)+1]’ 3
field of the electromagnetic wave relative to the scattering ’
plane. This polarization scattering scheme allows us to re- )
duce the effect of depolarization of light on sample surface€’herelno(v) is the low-frequency Raman spectrum normal-
for recorded spectra, as discussed in Ref. 16. Spectral slits #€d by high-frequency modes. Equatic®) follows from
4 cm ! were used. Three scans over spectral rangegq' (1) _by takmg_mto account that low-frequency spectra are
10-210 e, 770—-850 cm’, and 1100—1700 cht were normalized by_hlgh-frequen_cy modéso that _the number qf
recorded for every sample. The spectrum for the frequenc’©des per unit volume which are responsible for the high-
range 770—850 ciit was measured in order to control the T€AUeNCy spectrum is proportional to the density the
quality of the depolarization scattering conditions, since thefvaluation ofiC(v), the weak quasiharmonic shift of the den-
strong mode near 808 ch is highly polarized and its inten- SIY Of states between room temperature and about 10 K due
sity in the depolarized experiment enables us to estimate th?Q the sound-velocity variatiofw (10 K)/v (300 K)~1.027)
leakage of polarized component. For one sampie) the  (Ref- 16 was considered.
polarized scattering was then also measured in order to find
the experimental depolarization coefficient for the mode at T T y y
808 cni'l. The depolarization coefficient was found to be 150 .
about 0.04—that is, close to magnitudes previously reported
for this modé®?%2—and demonstrates a negligible leakage of
the polarized component for HH geometry. Figure 1 presents
the Raman scattering spectra of @B sample(D1) for the
low-frequency  (10-210 cit) and  high-frequency
(1100-1700 cm?') spectral ranges. In a previous wdfkit
was shown that the high-frequency modes do not show dis-
cernible changes and, therefore, can be used for normaliza-
tion of the low-frequency spectrum. Low-frequency spectra
were normalized by the integral over the high-frequency
modes (1100-1700 cnl) after subtraction of the back- FIG. 1. Raman spectrum of the D1 sample. The dashed line
ground, which is shown in Fig. 1 as a dashed line. shows the background, which is subtracted before the normalization

On the other hand, the density of vibrational states wagrocedure.

hy )2 exp(hv/kgT) -

Tum=e [ (v>(— .
v p 0 keT) [exphw/ksgT)—1]%7
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FIG. 2. Low-frequency Raman spectra of different(B

PHYSICAL REVIEW B67, 024203 (2003

T T 'E 8-
e IS
PO
2 107 D1 Ny £ g
5 D3 7/ —
g D5 .~ 3
[}
z S
8 2 2
k= = : ,
] § 0 10 20 viem]
10 100 0 10 20 30 40 50

frequency [cm™]

FIG. 4. Light-vibration coupling coefficienC(») of B,O,

samples.

glasses: D1solid ling), D3 (dashed ling D5 (dotted ling, and W2

(circles. The inset show€gp(v) calculated by means of E®)
Il RESULTS for the same samples.

Figure 2 shows the low-frequency Raman-scattering spec- Figure 3 presents the density of vibrational states as
tra of three dry sample@1, D3, and D5 corresponding to g(v)/v?, evaluated from specific heat ditdollowing the
two extreme and one intermediate cases of annealing. THrocedure described above. This plot shows that the magni-
spectra have been normalized by the high-frequency Ramd#de of the maximuntboson peak decreases and its fre-
modes as described above. In Fig. 2 the logarithmic scale {@uency position increases for more annealewre dense
used for clarity. In this figure, it can be seen that the mairS@mples. The spectral positions of the maxima are shown in
difference among spectra is related to variations of the lowerJ@ble I. It is to be stressed that these boson-peak frequencies
frequency part—the light-scattering intensity decreases fotsp are always different and lower than those directly ob-
better annealed samples. The high-frequency side of the béained from reduced Raman-intensity spectra, suchoas
son peak looks the same for all Samp|es_ The Raman SpeEable | Of Ref 16, the reason be|ng that the fOI’mer corre-
trum of wet sample W2 is also included in Fig. 2 for com- SPond to maxima irg(»)/v* and the latter do not, since
parison. However, the W2 spectral intensity was multipliedC(») is not constant but rather a monotonically increasing
by a factor of 0.88 in order to match the right side of thefunction of v. Similarly to the behavior observed for the
spectra. The reason for such a correction is the following. IfR@man spectra, the evolution of thér)/»* boson peak re-
the wet sample 5.8% of oxygen atoms are in hydroxyl groupdlects mainly a decrease in the density of states at low ener-
instead of being normal bridging oxygens. Since the changgies with increasing density. A similar result has been found
of one br|dg|ng oxygen in the 23)3 structure by an OH recently for the vibrational denSity of states in normal and
group leads to the appearance of two distorted; B@ups, ~densified SiQ glasses?
the number of high_frequency modes will be Changed Vibrational densities of states for the studied set @5
roughly by a factor of (1-%0.058)~0.88 for the W2 glasses were evaluated within Debye’s theory from measured
sample. This estimate coincides well with that found experi-nass densities and sound velocities. Average Debye veloci-
mentally. Therefore one can conclude that both annealin§es were calculated from Brillouin scattering déteas de-
and increasing the water content produce the same effect &#¢ribed in Ref. 16, taking into account the temperature varia-
the Raman spectra: to decrease the low-frequency side of th@n. The cubic coefficient of the Debye term in the specific
boson peak with increasing density, without altering theheat is also shown in Table | for each glass and the corre-
high-frequency sidésee Fig. 2 sponding Debye density of states indicated in Fig. 3 by lines.
It can be observed that the magnitude of ¢{e)/v> maxi-
mum decreases for more annealed or dense glasses concur-

_ ' rently with the Debye level.
-*g 44 ,o;i! . The calculated light-vibration coupling coefficients is
3 o X shown in Fig. 4 for several representative@ samples,
'8 ./ /" [ . . . . . . h
&, o' X s which exhibit the typical increase with increasing frequency.
Vs /‘y{/ o It is also seen that the coupling coefficient is not the same for
z 7 AY _w D1 s B,O; samples with different thermal history—for a given
o> s D5 ; " ;
w2 frequency the coupling coefficient magnitude decreases for
more annealed glasses.
0 T
10 -
frequency [cm ] IV. DISCUSSION

It is well known that THz acoustic excitationdoson
peak of glassy materials cannot be simply described by
well-defined plane waveebye approximationin contrast

FIG. 3. Density of vibrational stateg(v)/v? for samples D1
(circles, D3 (down triangley D5 (up triangle$, and W2(squares
Lines indicate the calculated Debye density of states.
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with crystalline solids:?® Computer simulations have also  An approach reminiscent of the SPM was presented by
given evidence for the normal modes of vibrations of aEngberget al,®> who postulated the coexistence of random-
glassy structure not being pure plane wa¥e<® The re- phase and in-phase modes at frequencies around the boson
maining question is what are those THz vibrations and howpeak. The in-phase modes are identified with sound waves,
can they be described. At present, there is no generally atchough their density of statéd®OS) is not assumed to follow
cepted solution to this problem. There exist different phe-necessarily the Debye law. Within this motiehly random-
nomenological models aiming at a description of acousticlikgphase modes contribute to low-frequency Raman scattering.
vibrations in glasses. One may distinguish two basic kinds otUnfortunately, there is no direct procedure to extract the
approaches: several authors assume the coexistence at lomndom-phase contribution and test the model without con-
enough frequencies of Debye-like acoustic phonons with  ducting complementary neutron-scattering experiments in
cessvibrational excitations responsible for the boson-peakpur glasses. If we accept, however, this approach, our experi-
whereas others consider that disorder in glasses makes thaental resultgsee Fig. 4 would imply that the share of the
distinction unsuitable in the whole frequency range of therandom-phase contribution decreases for more annealed or
boson-peak feature. Since most of these models are quitiensified glass samples. In addition, one may conclude that
flexible, it is not easy to choose among them from the exthe relative spectral distributions of random- and in-phase
perimental data. Therefore, we will limit ourselves to briefly modes either do not change with thermal treatment or change
discuss our experimental findings in the light of the mostin parallel, since average coupling coefficients exhibit a simi-
usual approaches found in the literature for the boson-pealar frequency dependence.
problem. From hyper-Raman scattering experiments in vitreous
The decrease of the vibrational density of states in theSiO,, Hehlenet al3 found that the boson-peak spectrum
lower-energy region for more annealed samglee Fig. 3  looks very different for Raman and hyper-Raman cases. This
could be understood in the spirit of the soft-potential modelexperimental result was interpreted by the existence of two
(SPM),?"?8 such as was done in Ref. 22, where a similarkind of motions: acousticlike ones, which can be active in
decrease in the low-energy side of the boson peak for densRaman scattering, and local or nonacoustic moti@es, ro-
fied SiO, glass was explained by a decrease in the number dhtion or rocking of regular SiQtetrahedrg which only
the low-energy soft potentials, likely related to a decrease ofontribute to hyper-Raman scattering, since they do not
the void spacé? However, this interpretation does not pro- modulate the polarizability. On the other hand, this particular
vide a clear explanation of the coupling coefficient behaviorsituation does not apply to-Bs, where the rocking of BQ
(see Fig. 4 In the framework of the SPXf. non-Debye units doesmodulate the polarizability and it is thus active in
behavior of vibrations results from the coexistence ofRaman scattering’ In this case, the authors of Ref. 23 seem
quasilocalized vibrationésoft modesand Debye-like acous- to follow the same above-mentioned view of Engbetail.
tic phonons, and hence one should calculate the couplingssuming that only random-phagéere not forbidden
coefficient solely for the soft-mode density of statesmodes are Raman active wi@(v)=const, the apparent fre-
Cspm(v) devoid of the Debye contribution: guency dependence of the coupling coefficient being due to
the nonvisibility of part of the total DOSthe in-phase
modes. In our opinion, this kind of approach does not allow

Cspm(¥)= v1(v) , (4)  one to understand the universal character of the quasilinear
(n+1)[g(v) —Ipen(¥)] dependence of the coupling coefficient near the boson-peak

maximum for different types of glass&Here we would
Uber(¥) being the Debye density of states. like to note that the conclusions obtained in Ref. 33 are not

In the standard SPM, the polarizability tensor is simplyan unambiguous consequence of their experiment. Indeed,
assumed to be independent of the specific shape of tH&e difference between Raman and hyper-Raman experi-
single-well potential and henc€gpy(v)=const?>3 This ~ ments can be explained in the framework of the vibrational
assumption has been questioned in Ref. 31, where it wa¥ave function suggested in Ref. 35, where the boson-peak
argued that different parameters of the soft potentials shoulave function shares properties of both localized and ex-
correspond to different shapes of the molecular groups intended excitations: at short distances, displacements of atoms
volved in the soft mode and hence to different polarizability@re coherent and the wave function correlator is similar to a
coefficients, as well as in Ref. 32, where it was suggestedfibration localized in the cluster; for the correlator at longer
that phononlike vibrational states would also contribute todistances, however, the vibrations have a diffusies-
Raman spectra. The inset of Fig. 4 shows the soft-mode codiended character(see the Appendix
pling coefficientCspy () determined by Eq(4). One can Letus flnglly consider the app_roach that aro_un_d the boson
observe thaCspy(7) depends on the thermal history of the Peak there is only one, predominantly acousticlike, type of
glass even more strongly tha®(v). It is also remarkable v!bratlonsZ S0 'Fhat they cannot be separated into mdependent
that Cspy(7) is frequency dependent in contrast with the klnds of vibrations at a given frequency. The cou.plmg coef-
standard SPM assumptiéh® Therefore, our results seem to ficient therefore retains its proper physical meaning. In Ref.
confirm that the drastic separation between Debye-like38, it was shown that the coupling coefficient for $iO
acoustic modes—noncontributing to Raman scattering—anglasses exhibits a frequency dependence
soft modes—withCgp\(v) =const—and hence the use of
Eq. (4), is not justified at boson-peak frequencies. C(v)xv+const (5)
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0.8 ' ' ; of states was determined by solving the integral equation for
the low-temperature specific heat. It was found that the mag-
nitude of the lower-energy side of the boson peak is clearly
decreased and the position of the boson-peak maximggn
gradually increased for more annealed or densified samples.
By comparing the low-frequency Raman scattering and the
vibrational density of states, the light-vibration coupling co-
efficient C(v) was obtained. These results were discussed
within different models or approaches found in the current
0-00 1 5 literature. In particular, it was found that the coupling coef-
scaled frequency, vive, ficients for the whole set of BD; glasses can be well de-

. . o o scribed a$C(v) = A*( v/vgp+ 0.5) with the same constaAt
FIG. 5. Scaling plot of the light-vibration coefficie@(») of whereasvgp changes appreciably.
B,0; glassegthe same symbols as in Fig).. & he thick solid line is
a fit to (v/vgp+0.5).

0.61

0.4

0.2

coupling coefficient [arb. units]
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found that about half of glasses analyzed had a simple linear

proportionality for the coupling coefficiedqtC(v)«»] and APPENDIX
the other half of them could be scaled to a single master plot

) Here we would like to show that the boson-peak wave
with a general dependence

function suggested in Ref. 35 allows us to explain the differ-

ence between Raman and hyper-Raman spectra, even if only
Cr)=A(v/vgpt0.5). © one type of vibrational excitation exists at a given frequency.

In particular, it was found that the coupling coefficient of In this case, the effective coupling coefficient of hyper-

B,O; glass followed the dependence given by Eg). In  Raman scatteringCyrv), has to be frequency indepen-

Fig. 5 the coupling coefficient of our set of,8; glasses is dent, wherea€(v) presents a linear frequency dependence

plotted versus frequency scaled by its corresponding bosorior the Raman-scattering spectrum.

peak position. As can be seen from this figure, the scaled For acoustic-type excitations the coupling coefficients of

coupling coefficients fall into the same master plot. A smallRaman and hyper-Raman experiments read similarly:

oscillation of the coupling coefficients around the linear de-

pendence is an artifact of the solution of Ef) due to the

limited precision or range of the specific heat ddt&qua- R - -

tion (6) seems therefore to describe well the behavior of the C(V)“f ar(P(0)P*(r))(s"(0)s™(r)), (A1)

coupling coefficients in Fig. 5. Furthermor€(v) of B,O;

glasses with different thermal history can be well represented

by Eq. (6) with the same constam for all glasses, whereas

vgp varies appreciablysee Table ). The magnitudes of CHRS(V)OCJ I (Phr0) PR 1))(s"(0)s"* ().

C(v) are the same if the coupling coefficient is considered

versus the scaled frequenéin contrast to Fig. % Since (A2)

C(v) reflects the correlator of the vibrational wave function,

this result underlines the interrelation between the bosonyere s(r) is the strain of an acoustic vibration with fre-

peak position and the wave function, and stresses the utilityyencyy, (- -) means configurational and statistical aver-
oragsir;imeterv,gp for describing terahertz dynamics in aging,P(r) is the elastooptic constar,,zr) is the elasto-
9 ' hyperpolarizability constant, an analog of the elasto-optic

constant for the hyperpolarizability3, and Ppggr)
=dBlds. In Egs. (Al) and (A2), the exponential factor

We have presented in this work a study of THz vibrationalexp(qr), whereq is the scattering wave vector of the experi-
motion (boson peakin a set of BO; glasses with different ments been neglected, since the phonon mean free path is
thermal histories and water content. The vibrational densitynuch shorter than the light wavelength. In these equations

V. CONCLUSION
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we omit the polarization indexes for simplicity, since we arethe second one is for longer distances, where the wave func-
not interested in the polarization properties of the light-tion has a diffusive character:

scattering experiments.

The differences between hyper-Raman and Raman cou—c(,,)ocf"'ZR&aSV(O)SV*(;)H fx Ir(s”(0)s"* (1)),
pling coefficients can be related to different properties of the 0 Ir[=R
correlators forP and Pyrs. It is naturally assumed that in (Ad)

glasses the fluctuation of the linear polarizability is muchwhereR is a typical radius of the nanoscale inhomogeneity
weaker than that of the hyperpolarizability. Indeed, the nonin glass structure. The wave function in the first term be-
linear susceptibility is expected to vary strongly in disor-haves as a localized vibration and this is precisely the case
dered media, being higher in local defective places. Theredescribed in the Shuker-Gammon motfellhen, the first
fore, whereas for Raman scattering one can neglect theerm should be frequency independent. The diffusive charac-
fluctuating part of the elastooptic constants, the fluctuatinger of the boson-peak vibrations determines the frequency
part of the elasto-hyperpolarizability constant can dominatéehavior of the second term in EGA4). In Ref. 36, it was

the hyper-Raman Spectrum_ This assumption for hyperShOWﬂ that the diffusive nature of acoustic vibrations leads to

Raman scattering is supported by the conclusion from HeC(»)=v, and hence the second term in E44) is propor-
hlen et al>*—they argued that the full depolarization of the tional to frequency. Thus, the localized-extended character of
experimental hyper-Raman spectrum rules out the case thifie boson peak vibrations leads to the linear frequency de-

the averagenon-fluctuatingpart of the hyperpolarizability Pendence of the Raman coupling coefficiént.
could dominate the spectrum. The above-mentioned differ- T the correlator of the fluctuating part of the elastohyper-
8Iar|zab|I|ty constant has a correlation length shorter than

ence between Raman and hyper-Raman scattering leads ; : e
different frequency dependences for the coupling coeffiﬁ“a distance at which the diffusive character of the boson-
cients. p_eak V|brat_|on bec_:omes important, the_n the coupling coeffi-

Thus the integral over the wave function correlator is onl cient (A2) is dominated by the local-like character of the

9 . L Yvibrational mode. This is the case described in the Shuker-

relevant for the Raman coupling coefficient Gammon modet! Therefore Crd ») is frequency indepen-
dent, in agreement with experimetitThus, under resonable
assumptions both Raman- and hyper-Raman-scattering spec-
tra can be described by only ortacousti¢ type of vibra-
tions. This consideration is partially supported by Ref. 37,
where the thermal conductivity of glassy Si@® described
by acoustic vibrations. In that work, it was concluded that
According to the model of Ref. 35 this integral is separatedthe excess density of states contributing to the observed heat
into two parts: the first one is for short distances, where theransport in the plateau temperature range would have an
wave function of the vibration mimics the localized feature; acousticlike character.

C(v)Mf ar(s"(0)s"*(r)). (A3)
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