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Dynamical properties of vitreous silica around the first sharp diffraction peak
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Inelastic neutron scattering measurements on vitreous silica have revealed that the contribution from the
acoustic-like mode along the position of the first sharp diffraction ge&DP is prominent below the boson
peak energy and at low temperatures. Strong coupling between this acoustic-like mode at the FSDP position
and the boson peak has also been confirmed, which implies the existence of loffe-Regel limits in glasses. We
propose that the origin of the excitations along the FSDP position can be attributed to the harmonic vibrations
at the surface of void spaces in glasses. We also consider that the FSDP in glasses arises from a quasi-
periodicity, which is caused by the continuity of void spaces, corresponding to the lattice spacing of crystalline

counterparts.
DOI: 10.1103/PhysRevB.67.064204 PACS nuni®er61.43.Fs, 63.56:x, 78.70.Nx
I. INTRODUCTION tering (IXS) measurement have been dedicated to the prob-

lem of whether the IR crossover actually exists in gladses.

Disordered materials have provided a large number of sciThe neutron scattering technique is useless for investigating
entific problems, and the universality of their physical prop-the acoustic excitation arour@~0 A~ in the boson peak
erties has fascinated many researchers. Most of the problemsgion, due to the kinematic restriction of neutrons, which
remain unsolved, although enormous work has been done are massive particles.
both the theoretical and experimental aspects. Particular ef- The MRO in glasses can be attributed to the existence of
forts have been directed to the energy range below 10 methe first sharp diffraction pealESDP observed in the x-ray
in the Raman or inelastic neutron scattering spectra. In thiand/or neutron structure factor at small scattering ve@tor
energy range, the Raman and inelastic neutron scatteriribhe FSDP may be related to a distafitcm real space by the
data are dominated by a strong broad band. This peak, calleskpression, Z/Q,;=R, although this simple idea has been
the boson peak, is not found in crystals. The low-energycriticized by the opinion that the FSDP should arise from the
broad band in glasses is expected to reflect the cooperatitengest period, most slowly decaying, real space Fourier
motions of atoms over the correlation length in the nanomcomponent. Several models have been proposed to account
eter range, and to be related to anomalous thermodynamfor the origin of the FSDP. The two-dimensional layers of the
properties of glasses such as the thermal conductivity behaorresponding crystals was introduced to interpret the FSDP
ior at low temperaturesThe existence of low-energy exci- of chalcogenide glassésHowever, this idea has been also
tation in glasses of different chemical compositions, and theefuted® because the-SiO, and other three dimensional
universality of their spectra, would lead to the concept thaglass systems show distinct FSDP, which has no layered
the nature of anomalous excitation is determined by the morstructure. Ellioff successfully explained the origin of the
general peculiarities of disordered structure. It has been corFSDP for tetrahedrally coordinated glass systems from cor-
sidered that the inherent inhomogeneity in glasses may belations between cation-centered clusters and interstitial
related to the origin of the boson peak. void spaces. Notwithstanding this criticism, the simple inter-

There is also substantial interest in the character of excipretation of FSDP fop-SiO, in terms of quasi-Bragg planes
tations contributing to the boson peak. In the long-was recently revivedln this way, the origin of the FSDP has
wavelength limit, the phonon wave vectqrbecomes well as yet received no satisfactory microscopic explanation. On
defined at small values because glasses behave like elastite assumption that the boson peak originates in the length
continua. Actually, Brillouin scattering measurement has rescale associated with the medium-range order, the boson
vealed that both transverse acousfil@®) and longitudinal peak might be related to the FSDP through the structural
acoustic(LA) phonons exist in glassésHowever, at a large  characteristic length. In fact, attempts to correlate the width
wave vectorg (small wavelength\), glasses are considered of the FSDP with the boson peak have been fairly
to be inhomogeneous media due to the lack of periodicitysuccessfut®
whereq becomes ill defined and the distinction between the It is well known that inelastic neutron scatterifigS) is
TA and LA modes is obscured. The crossover valuggfor  a very powerful tool for the investigation of excitations in
Nco Plays an important role in the concept of loffe-Regelboth disordered and ordered materials. In particular, Price
(IR) criteria® It is considered that the plane wave ceases tand Carpenter reported the dynamic structure factor
propagate in the medium when the wavelengtfs smaller [S(Q,E)] of vitreous silica (-Si0,) over a wide
than\.,, which should define the medium-range structuralmomentum-energy space using the pulsed neutron scattering
order(MRO). Many recent works using inelastic x-ray scat- techniquet! A time-of-flight chopper spectrometer with a
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pulsed neutron source has provided a new stage for the study L B
of disordered materials with the help of a great improvement 15k @ 20K
in neutron flux and energy resolutiéhThis paper describes
our study of the dynamical properties 0fSiO, from the
S(Q,E) maps obtained by time-of-flight INS measurement
with the most intense neutron flux in the world. The purpose
of this study was to understand the mechanism of the corre-
lated phenomena of glasses as mentioned aho®&0, is a 3 meV]
prototypical strong glass former, and the boson peak is ’i

clearly observed around 5 meV. The temperature depen- ?II |

dences of5(Q,E) at selected energies were precisely inves-
tigated. Because both Si and O have negligible incoherent
scattering cross sections, we considered only the coherent
scattering. In particular, we focused on the dynamical prop-
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S(Q.E) (arb. units)
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erties in the lowE and low Q regions; that is, around the 2 %imev
. < 30F -
boson peak energy and the FSDP region. = -
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Il. EXPERIMENTAL PROCEDURES A 3 me\l
. 101 .
The experiments were performed on the MARI spectrom- ;-1
eter at the ISIS spallation neutron source in the Rutherford 0 R T R T
Appleton Laboratory. MARI is a direct geometry chopper 0 1 2 3 4 5 6 7
spectrometer designed for wide momentum-energy space QA

measurements with high resolution and high flux. The se- ) _

lected incident energy was 25 meV for detailed investigation FIC- 1. Constank slices of S(Q,E) in the range of 3 meV

of S(Q,E) in both the lowE and low Q regions with an <E=<6 meV (a) at 20 K and(b) at 300 K. The integration width is
energy, resolution of 0.7 meV. The beam size was 5d¥.8 meV for each spectrum. The base lines are shifted vertically.

. h ical behavi 1. h ical
X 50 mnt. The collected data were normalized by the mas%efedi{] ?gg&ilsfn:gslzsa?erguirr:cihissj‘: d;)wn by vertical arrows

of samples in the region irradiated by the incident neutron
beam. The detector calibration was determined by the mea .8 meV for each spectrum, which is larger than the energy
surement of a vanadium sample. The sample-&iO, was  resolution AE=0.7 me\). A conspicuous hump around
cut into a hollow Cylindl’ical form in order to reduce multlple 1.5 A71 is observed in the lower energy region7 which be-
scattering and anisotropy of self shielding. Its inner diametegomes prominent at lower temperatures. It is also obvious
was 25 mm, its thickness was 3 mm, and its length was 12¢hat the intensity around 1.5 is strongly damped beyond
mm. The environmental temperature was controlled in thenhe poson peak energf &5 meV). It should be noticed that
range from 20 to 300 K using a top-loading closed-cycleg~1.5 A~ corresponds to the position of the FSDP ob-
refrigerator. served in the static structure factoB(Q)] of v-SiO,*. In
In Secs. Il B and 1l C, we compare the elastic scatteringgrger to clarify the peculiar excitation around 1.5%8 we
of v-SiO, with those of other types of SiOn order to elu- compared theQ dependence of(Q,E) sliced at 5 meV
cidate the origin of the FSDP. The additional Si€amples  petween 20 and 300 K, as shown in Figa)2 and similarly
were polycrystallinea-cristobalite (17.3 9, polycrystalline 3t 10 meV as shown in Fig.(B). For each spectrum in Fig.
a-quartz(25.3 9, and permanently densified Si@lass(5.3 2 the constant background was subtracted, and the intensities
g). The prepared polycrystalline-cristobalite and perma- at 300 K were scaled to the third peak intensity at 20 K.
nently densified Si@glass @-SiO,) were bulk solids, while  Figure 2 clearly shows that a certain low-energy excitation
the polycrystallinex-quartz was in powder form. Th#SiO,  around the FSDP position appears at low temperatures, or
sample was prepared using the method described by Kitgather except for a feature around 1.5 %there is little dif-
muraet al’®* Measurements of each sample were performederence in the shape &(Q,E) between 20 and 300 K.
at room temperature, and we narrowed the beam size de- To examine the properties of the peculiar hump around
pending on the sample size. 1.5 A%, we display magnified plots @&(Q,E) at 20 K for
both E=3 and 4 meV in Fig. 3. The solid lines are fitted
Ill. RESULTS AND DISCUSSION curves by two Gaussian functions and a linear function as a
base line. We can see that the single-like peak profile at 3
meV is greatly split at 4 meV. The estimated peak centers for
The S(Q,E) map is extremely informative for the inves- the E=3 meV spectrum are 1.263 and 1.468%A In the
tigation of vibrational properties in disordered materials,case ofE=4 meV, two peak centers are also determined at
since from it we can easily extract a series of cons@aot E.~ Q=1.125 and 1.601 Al. The data points around 1.7 A
slices and also the integrations over the arbitr@yr E  are useless because of the gap between neighboring detector
ranges. Th& dependences &(Q,E) for 3<E=<6 meV at  banks. Hence we paid attention to the peak shift of the lower
20 and 300 K are shown in Fig. 1. The integration width wasQ peak profile. The separations from 1.364*A(AQ) are

A. Peculiar excitation around the FSDP position
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0 1 1 1 IS peaks estimated from both tlie=3 and 4 meV data shown in Fig.

0 1 2 3 4 5 6 3. The linear relations expected from both the longitudinal and
QA1) transverse sound velocities at 300 K are also displayed. The shaded

) area corresponds to the boson peak region.
FIG. 2. Comparison of th® dependence d¥(Q,E) between 20

K and 300 K sliced ata) E=5 meV (at the boson peak enengy

and (b) E=10 mev(above the boson peak ene)‘ggor each spec- mean free path of the acoustic-like mOdevI{SIOZ In this

trum the constant background is subtracted. The intensities at 300 gaper, we refer to this mode as the FSDP mode. Discernible

are scaled to the third peak at 20 K. excitations along the FSDP position were previously also
reported in other glass systems, such asO$’

plotted as a function of energy transfer in Fig. 4. The vaIueO_O'ybUtadie”é’8 and Sel-g_ It is considered that there are two
of 1.364 A1 is the midpoint of the two peak centers esti- different types of contributions to the low-energy region;

mated from both th&=3 and 4 meV spectra. Figure 4 also "@mely, in-phase modes and random-phase modes. In
includes the linear relations derived from the longitudinal@ndom-phase modes, the atoms have no phase correlation

and transverse sound velocities at 300 K; that \5, with neighboring atoms, and so random-phase modes have a
=5960 m/s andV;,=3700 m/s® It is clear that the peak localized nature. In-phase modes are identified with sound

shift behavior strongly deviates from a linear relation nearVaves, whose intensities are approximately proportional to

2 20 H H 21
the boson peak energy. The properties of the peculiar excitd? S(Q,0).~" With regard to v-Si0,, Buchenauet al:
tion around the FSDP position are in good agreement witiointed out that a constaftprofile ofv-SiO, is inconsistent

the IR conditior? since the boson peak is considered to be a¥ith the formula 0fQ*S(Q,0). Hence it seems reasonable to
strongly localized mod& Correspondingly, the origin of the SUppose that the FSDP mode ©fSiO, found in our mea-
hump around the FSDP position is considered to be agurementsis nota pure sound wave, but could have a propa-

acousticlike extended mode. The temperature dependence @#ting character because of its dispersive feature.
the hump characteristics can be explained by that of the

B. Microscopic origin of the FSDP mode observed ir5(Q,E)

3.0F We examined the overall vibrational dynamicsueSiO,
2.5 AN l over a wide momentum-energy spaceSiO, shows both a
' i dispersive mode up to 55 meV and a nondispersive mode

around the boson peak enef§yin Fig. 5@), a series of
dispersive modes and the FSDP mode are plotted together.
The dashed curve is the dispersion functiok
=A|sin(@c/2)|, whereA is a scale factor is the wave vec-
tor in one zone, and is the periodicity of the zone. In ad-
dition to these modes, the excitation behaviors aro@nd
~0 A~! derived from the IXS measureméhiare also in-
cluded in Fig. %a). Pilla et al. demonstrated that the propa-
gating acoustic mode extends beyond the boson peak energy
and excluded the possibility that the boson peak marks the
transition from propagating to localized dynamics in
glasse€? However, our experimental results clearly indicate

FIG. 3. Magnified plots ofS(Q,E) at 20 K for(a) E=3 mev  that the FSDP mode strongly couples with the boson peak,
and (b) E=4 meV. The solid lines are the results of fits by two which suggest the IR crossover limit in glasses. We consider
Gaussian functions and a linear function. that the calculated result of dynamic structure factor in @w

S(Q,E) (arb. units)

0.8 1.2 1.6 2.0
QA
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FIG. 5. (a) Peak positions of the FSDP mode plotted against the
momentum transfer, shown by the closed circles. The peak posi-
tions of the dispersive mode reported in Ref. 16 are also plotted,
shown by the open circles. The dashed line represents an estimated
dispersion relation fitted bfg=A|sin(@d/2)|, where the contents of
the parameters are given in the text. The open squares show the data
obtained from IXS measurements reported in Ref. @2.Static
structure factor ob-SiO,.
region by Nakayanfd can settle the above discrepancy. The 1.(-)'" = 2.-0 3.0 * 4.0
calculated result clearly shows two band<QrE space. The Q@AY

higher band is assigned to the dispersive mode above the
boson peak energy. On the other hand, the lower band is FIG. 6. Q dependences &(Q,E) at 2, 3, 4, and 8 meV plotted
almost independent 0@ at boson peak energy, but the for v-SiO, (open circleg and polycrystallinex-cristobalite(closed
propagating excitation appears at snm@liregion. This pic- circles. The S(Q,0) of polycrystalline a-cristobalite is also in-
ture can explain both the strong coupling of the FSDP modéluded(dotted lineg for each frame. The integration width was 0.8
with the boson peak and the acoustic behavior at s@all MeV for constantE slices and 1 meV for elastic scattering. The
region. measurements were performed at room temperature for all spectra.
The static structure factdiS(Q)] of v-SiO, is also pre-
sented in Fig. B). Our previous works also reported that the excitations and induce the FSDP mode. If we accept the two-
periodicity of the dispersive mode is equivalent to the sepadimensional character of harmonic excitations in glasses, it
ration between the neighboring peak positionsSQ) ex-  would be easy to understand the temperature dependence of
cept for the FSDPwhich suggests the existence of quasi-thermal conductivity at low temperaturesx T2, which is a
Brillouin zones consisting of SiQ tetrahedral unité®2*  universal phenomenon observed in all types of glasses.
Investigations of vibrational properties extending to the in-However, there is room for further investigation and consid-
elastic region have emphasized the unique characteristics éfation on this point.
FSDP. In this sense, understanding of the origin of the FSDP Next, we discuss the reason why the harmonic excitation
mode should lead to that of the FSDP in glasses, which wileppears at the FSDP position. The vibrational properties in
be discussed in Sec. Il C. both the lowQ and low E regions of crystalline SiQare
Previously, from a detailed analysis of averaged meancompared with those o0§-SiO,. Similarities and/or differ-
square displacement for various types of Si@e reported ences of properties between glassy states and crystalline
that the excess vibrational density of sta(80S) in v-  counterparts have greatly contributed to understanding of the
SiO, is caused by uniaxially large atomic motions along theanomalous characteristics of glasses. We present a series of
buckling direction, whose dynamics are represented by theonstantE slices ofS(Q,E) for crystalline SiQ to elucidate
small barrier height double-well potentf&lThe vibrational the peculiar features af-SiO, in the low-energy region. The
character associated with the buckling process should be egonstantE slices ofS(Q,E) at selected energies forSiO,
pressed by a random-phase mode. On the other hand, tla@d polycrystallinea-cristobalite are shown in Fig. 6. The
in-plane atomic motions perpendicular to the buckling direc-S(Q,0) for a-cristobalite is also included in this figure. Each
tion were found to be unaffected by densification, and theéntegration width was 0.8 meV for constaftslices and 1
vibrational amplitudes of the glassy state of Si@the per- meV for elastic scattering. Measurements were performed at
pendicular direction were found to be almost equivalent toroom temperature. In the constdsslices of a-cristobalite,
those of crystalline counterpaf@dWe consider that the in- many spiky features of Bragg peak tails are observed. On the
plane atomic motions im-SiO, contribute to the harmonic other hand,v-SiO, shows no spiky features in the low-
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TABLE |. Mass densities of prepared SiGamples. 1200 " S Cristobalile 1 |
Sample p (glcn?) Type T 800 [v-si
g
v-Si0, 2.20 Glass =
ri : £ 400
a-cristobalite 2.33 Polycrystal B
d-Sio, 2.63 Glass ~ 0
a-quartz 2.65 Polycrystal g
g 1200
Il
m
. o 800
energy region due to the lack of long-range structural order. =
The spiky features observed dncristobalite become blurred 400
with increasing energy. Th§(Q,E) of a-cristobalite is al-
most the same with that af-SiO, at 8 meV, as we reported 0

previously? Looking more carefully into the constaftpro-

files of a-cristobalite around 1.5 A, we can recognize that
the E dependence of this peak quite closely resembles the ) .
behavior of the FSDP mode #+SiO, at low temperatures. /G- 7. Elastic part of the dynamical structure facgQ),0) for
These acoustic phonon like properties of the FSDP mode af@Ur types of SiQ: (a) v-Si0, and polycrystallinea-cristobalite,

consistent with the numerical analysis by Taraskin anc"d(P) d-SiO; and polycrystallinex-quartz. The integration width
Elliott, 5 who exhibited a dispersion relation forSiO, us- V2 1 meV. The measurements were performed at room temperature

ing the molecular dynamics calculation. According to theirfOIr all spectra.

numerical study, the flattening of the TA branch occurs at the ,_.. 28 : .
length scale defined by the position of the FSO®, felation betweerQ, and p.“® The successive void spaces

= 1 . . could form a quasi-periodicity corresponding to the lattice
;dzezl %/\./isthAthe hgi.zhf\,ofagg theen %Seeclggfee;'%?&?g hcg('jr;a spacing for the first peak of crystalline SiOvhere the mass
A 9 ygen C : L ' .. densities of glassy and crystalline Si@re almost the same.
v'vh|ch'|s cztgrrespondent to a certain lattice spacing in crystal- As for the origin of the FSDP, Elliott proposed a plausible
line SI0,. model that the FSDP is a prepeak in the concentration-
concentration structure factor due to the chemical ordering of
C. Microscopic origin of the FSDP observed inS(Q) interstitial voids around the cation-centered clusters in the
Judaing f he ab he ESDP ob d structure® In particular, this model beautifully explains why
udging from the above arguments, the observed iffe Fspp intensity is drastically changed by packing the Li
S(Q) of v-S|.OZ is co.nsn_llered to be a tra<_:e of p§r|0d|C|ty iN 5 Na atoms into the void spaces ©fSi0,.2° However, we
crystalline SiQ. In this picture, the FSDP is considered to bey5ye 15 interpret the acoustic behavior of the FSDP mode
an isolated peak in reciprocal spaQg caused by the dif- 504 the density dependence of the first peak of both glassy
frapuon from a quasrpenodm array of atoms in rgal SPACCL g crystalline SiQ Hence we regard the height of the SiSi
This reminds us of the interpretation of the FSDP 'mmd”cecfetrahedra as the characteristic length of glassy, Sidhich
by. Gaske!l anhd Wall|§:They prolposed t?aththe FSDP mgy is correspondent to a certain lattice spacing of crystalline
Or'g'n?lt.e n ht € quasi-Bragg planes of the correspon InQ:ounterpart, and simultaneously the average distance of void
crystalline phase. spaces, instead of nearest-neighbor Si-Si separation or Si-

_In order to confirm the validity of the above idea, We | iy separatioff. It should be noted that this modification
investigated the density dependence of the first peak OtHoes not invalidate the Elliott model

served in elastic scattering measurement of both glassy SiO We consider that the void spaces in the glass network may
and polycrystalline Si@ The mass densities of the prepared,g 5 ey to understanding the anomalous low-energy proper-
Si0, samples are listed in Table I. Plots $(Q,0) for the  joq of glasse We propose a scenario for the relationship
different forms of SiQ are shown in Fig. 7. For each Spec- pepyeen the atomic motions and low-energy dynamics in
trum, the integration width was 1 meV and the measurement|ssses as follows: the harmonic vibrations occurring at the
was carried out at room temperature. It is well known thalgitace of void spaces and the correlation of atomic motions
the. posmo_n of thg most_mte;nse o_llffractlon peak of pOIV,CryS'between neighboring surfaces produce the FSDP mode,
talline a-cristobalite, which is a§75|gned to the0L plane, is  \yhile on the other hand, the flexible atomic motions toward
the same as the FSDP ©fSiO,, " as shown in Fig. @. An g spaces induce the excess VDOS in the low-energy re-
interesting finding is given in Fig.(B), which indicates that gion, which are sensitive to the dendity

the most intense peak position of polycrystalliejuartz at

Q~1.8 A1 assigned to th¢101} plane is coincident with V. CONCLUSION

the position of the FSDP af-SiO,. This correspondence can '

be directly explained by the mass density of the sample, In conclusion, we have performed an inelastic neutron
where the ratioQ;/p has a constant value. Inamued al.  scattering measurement o0fSiO, and found that peculiar
elucidated that the appearance of the FSDP must have a closgcitation around the FSDP positigfSDP modg appears
relationship to the void spaces in a glass network from théelow the boson peak energy and at low temperatures. The
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intensity of the FSDP mode is strongly damped beyond theelate with those at the adjacent surface, and consequently
boson peak energy. In addition, the peak shift behavior of th@roduce harmonic excitations, which may be the origin of
FSDP mode strongly deviates from a linear relation near th¢he FSDP mode. We should note that the extended range of
boson peak energy. These results suggest that the loffe-Red@rmonic excitation is restricted by the finite correlation
condition is applicable to the FSDP mode. length. In contrast, the atomic motions toward void spaces
Concerning the FSDP observed $(Q), we found that are induced by buckling or rocking processes, which produce
the position of the FSDP in glassy Si@oincides with that  strongly localized modes in glasses.
of the most intense first peak in the crystalline counterpart
whose mass density is almost equivalent to that of the glassy
SiO,. We consider that the FSDP of glass is characterized by
successive void spaces that induce a quasiperiodicity corre- The authors would like to express their gratitude to O.
sponding to the lattice spacing in crystalline counterparts. Petrenko for help with the measurements. We also thank N.
Finally, we have presented a scenario for the coexistenckitamura for sample preparation. This work was supported
of strongly localized modes and harmonic extended modes ihy a Grant-in-Aid for Scientific Research of the Ministry of
terms of void spaces associated with anisotropic atomic mdeducation, Science and Culture, Japan, and was carried out
tions. The atomic motions at the surface of void spaces comnder the Japan-UK Collaboration on Neutron Scattering.
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