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Fast relaxation, boson peak, and anharmonicity in Li >,0—-B,0; glasses
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Glasses with a compositionLi,O-(1—x)B,0O; were investigated by low-frequency Raman
scattering in the composition range=0-0.28. The evolution of the quasielastic line, the boson
peak, the Debye frequency, and some other glass parameters with the composition was analyzed.
The frequency of the boson peak, shifts with changing« by a factor of 3 and the width of the
guasielastic spectrum at room temperature is always equabt@4w, . The Grineisen parameter

of the glasses is estimated on the basis of the light scattering data for the boson peak frequency
within the frames of the anharmonic model of the fast relaxation and using the sound velocity
data—for the Debye frequency. The anharmonic properties are compared with the fragility of these
glassformers; it is shown that the fragility increases with anharmonicity. It is shown also that the
width of the glass transition region correlates with the anharmonic propertie200® American

Institute of Physics.S0021-960600)70939-1

I. INTRODUCTION peak and QELS and between both of them because the fre-
guency of the boson peak changes very strongly wigOLi
Low-frequency Raman scattering spectra in glasses eXraction; the shift of the boson peak by a factor of 3 was
hibit two characteristic features: the boson peak in the THzeported? for lithium borate glasses. Fragility of these glass-
region and the quasielastic line with a characteristic width oformers also demonstrates a strong dependence on the
the order of a few hundreds GHzThe former arises due to |ithium fraction? It was shown that there is a correlation
excess vibrations with a characteristic length on the intermebetween the QELS, boson peak, and fragility in various
diate range scale and the latter, due to fast relaxation pragassformer& which is still unexplained. The purpose of this
cesses. There is still no commonly accepted theory of thesgaper is to analyze the behavior of the boson peak and QELS
glass features. For the boson peak there are some phenoff-a series of the lithium borate glasses of different compo-
enological modefs® and computer simulation resu$™  sjtion and to check the possible correlations between them
Recently, a theory which predicts the boson peak wagind other properties of the glasses.
proposed? Fast relaxation was attributed to the thermally
excited transitions in the double well potentials!to the || EXPERIMENT
anharmonicity of vibratiorS or to fluctuations of the dy-

namical free volume hole§.Recently, a significant progress
was achieved in understanding the fast relaxation in glasses A series of lithium borate glasses of the composition

after applying tandem Fabry—Perot technique for measuringi,O- (1—x)B,0; was prepared at regular intervals of 0.02
the broadband1-600 GHz relaxation spectr&~?!In par-  mole fraction through the composition range®<0.28. An
ticular, it was shown that in glassy silica the fast relaxation
process is caused by thermally activated jumps in the double

A. Samples

well potentials at least up to the room temperafdnehile in fol L
boron oxide glass the anharmonicity of the vibrations may be s
the dominant contributioff In the latter case the quasielastic i osf ¥
light scattering(QELS apparently has a vibrational nature, 3 £
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i.e., it is a relaxational part of the vibrational response func-
tion. It means that the QELS spectrum should have some
connection with the most prominent part of the acoustical 3~ 04t
spectrum—the boson peak. However, no systematic study of

V(w)/1

~

such connection is known. 02}
Lithium borate glasses provide very good opportunity to \
check the correlation of some glass properties with the boson °-°0 50 100 150 200 250

-1
®, cm

30n leave from Institute of Automation and Electrometry, Russian Acad-

emy of Sciences, Novosibirsk, 630090, Russia. FIG. 1. The boson peak in lithium borate glasses of various composition
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80 T e e Ill. RESULTS AND DISCUSSION

A. Boson peak

T
@
® J

60 . ol In Fig. 1 the polarizedVV) spectra of the boson peak

o 0 are shown for a series of compositian The amplitude is

= ol A 8 ] normalized to unity at the maximum of the boson peak. For

] 0 x from 0 to 0.28 the frequency of the maximum of the boson

o0 ] peak,w,, increases by a factor 3, from 25 to 79 cm?

20k R (Fig. 2. However, the spectral shape of the boson peak re-

1 mu mains the same at all in Fig. 3 the combined plot obtained

] by scaling the frequency on the frequency of the maximum

025 030 wy, for each composition is shown. All curves coincide well

’ ’ except a small shoulder near/w, ~3.7 which gradually

decreases with increasing

FIG. 2. Boson peak frequency in Visolid circles and VH (open circles It is known that increase of the mole fraction of,0i in

scattering. Solid squares, the width of the QELS. lithium borate glasses leads to a significant increase of sound
velocities and densit§? Since the boson peak is in acoustical
region of the vibrational spectrum, one can suspect that its

attempt was made to prepare bulk glasses with highep  shift with the change of the composition is a trivial one and

to x=0.36, but all of their respective melts crystallized arises merely due to the change of the average elastic con-

quickly after casting. Analytical reagent grade Lid#O  stants and density. In this case it should shift just like, e.g.,

(of purity greater than 99.0%, the main residue is lithiumthe Debye frequencwp . We compared the dependence of

carbonatg and H,BO; (of purity greater than 99.7%were  wp andwp on x. The Debye frequency

used as the starting materials. The details of the sample

preparation are described elsewh&re. wp=vp(6mn)3 (1

-1
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[wherevp= (2 3+ 1/ 2) "1 is the Debye velocitywe es-
timated using the data on the transversg) @nd longitudi-
nal (v;) sound velocities and patrticle densitfrom Ref. 25.

The room temperature Raman scattering was measurdebr the reader’s convenience we plot these data in Fig. 4. In
using an Ar ion laser with the power 50 mW, an additive Fig. 5 the dependence af, andwp onxis shown. To make
triple-grating spectrometer Joben Yvon, and a photon counthe comparison clearer we normalized the frequencies by
ing system. The samples we immersed in silicone oil with aheir values ak=0. Figure 5 shows that the relative shift of
quartz optical cell of 15 mmx 15 mm X20 mm to prevent the boson peak is faster than that of the Debye frequency
them from absorbing moisture from the air. Both polarized(except a small intervat<0.05): both depend ox linearly
(VV) and depolarized spectt&H) are measured in a back- but the slope is equal to 6.9 fas,(x)/w,(0) and 4.3 for

B. Measurements

scattering geometry in the frequency range 5—300 tm wp(X)/ wp(0). In particular, atx=0.28 the shift of the nor-
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\ 8, i ‘ ) FIG. 3. The scaled boson peak spectra
; for all compositionsx. Inset: logw
- 04 ] plot of a part of the boson peak.
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R ' " ' ' ance of these excess acoustical vibrations. This may be the
a v size of the typical structure nanoheterogenettiéyr corre-

v lation length of the structur;,’ or a size of the soft-potential
atomic configuration&.In silica glass the boson peak vibra-
v tions were identified with a specific motion of the a few
of connected SiQ tetrahedrd ! In any case, for the boson
v peakL corresponds to a medium-range scale important for
characterization of structure correlations in glasses. In Fig. 6
v a characteristic length defined as

Lb:UD/wb (2)

800 is shown as a function of composition for the lithium borate
T glasses. The length, decreases from 2.7 to 1.9 nm, i.e., by
1700 the factor 1.42, in the intervad=0-0.28. However, the de-

> ] TyK crease ol itself does not necessary means the decrease of
the extent of the medium-range correlations in the glass, be-

density , g/cm’®
SO ST =
(=] — Ny
<
<
<

o
<

-
=)
!
F

-~

w =3
T T
o
®
+
+ @
+@ =<
+@®
+ @
+ @
A
®
L

v, km/s
'S
T
Y
.
+ @
.
<

600
v cause the density of the samples increases wiffio char-

a -
x : r acterize the behavior of the structure correlations one needs
i7500 to compare the decrease lof with the behavior of a length
which characterizes the average interparticle distance. The
latter can be defined aa(x)=(p(X)/M(x)) Y3 where
M(X):XMLiZO+(1_X)MBZO3a MLiZO:29-8V|aur and

FIG. 4. Some parameters of the lithium borate glasses used in the f@iper: |/ 8.0.=69.6M,, are the respective molar massés,, is
density; (b) longitudinal (solid circles, transversal(solid triangle sound 273 . . .
velocities and glass transition temperaticeoss. The data are from Ref. the atomic mass unit. The dependence @in x is shown in

25. Solid squares, Debye velocity. Fig. 6 (inset b; it is a perfect linearly decreasing function.
On the inset a in this figure the ratlg,/a is shown. This
ratio decreases more or less monotonically from 6.& at

malized Debye frequency is by 30% lower than that of the=0 to 5.2 atx=0.28. ThusL, decreases not only in abso-

boson peak. This means that the evolution of the boson pealite value(by 42%), but also in units of interatomic distance

is different from one determined by scaling of the elastic(hy 3099. This means that increase of the,Qi concentra-

constants and density; the shape of the full acoustical spe¢on leads to decrease of the medium-range structure corre-
trum changes and mirrows more rapid evolution of the bosomations; at concentratioz? the decrease of the characteristic

peak in comparison with the higher frequency acoustical vVi{ength is roughly alsa% at least in the interval 5%—28%.

brations. We note that at<0.05 some other properties of

the lithium borate glasses behave differently from those at

x>0.05 (see, e.g., Figs. 6, 9, and )11 B. Quasielastic scattering

Sound velocity and frequency define a characteristic  a¢ |owest frequencies of the measurements the quasi-

length, L ~v/w. For the Debye frequency this length is of g aqtic light scattering dominates the spectra, Fig. 1. QELS is
the order of the minimum possible acoustic wavelength degoan in the frequency interval from 00 up to ~0.3w;,
termined by the interatomic distance. For the boson peak thi@e_g_ 4-25 cm' for x=0.28). To enhance the QELS part of

length, which is a few tim(_as longer, shoqld correspond Ohe spectra, they are shown in the insert of Fig. 1 in the log
some structure features which are responsible for the appear: ~qordinate. Similar to the boson peak, QELS roughly

scales on a universal curve for different compositions.
QELS arises due to a fast relaxation process with a re-
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3.0 ] laxation timer on the order of a picosecoridt was inves-
O, o ° tigated in many glasses by means of the light and neutron
A . om ] scattermg(se.e, e.g., Ref. 26 for a small reviewrecently,
& Tt o D 1 broad.band light scattering measurements by tandem Fabry—
S . oA Perot interferometéf~?°revealed a broatl—100 GH low-
- 20p o L ah e frequency wing of the fast relaxation in glasses described by
N [ . A 4" Y a power law with an exponent<1. However, in the fre-
Té’ 15¢ 3 Y B 1 qguency region close to the boson peak the QELS spectrum
5 S 5 ] normally was successfully fitted by a Lorentziart®2’=3%n
Z 10k & ] the present paper we fitted the fast relaxation spectrum also
E v by a Lorentzian which was defined by the two parameters:
000 005 010 015 020 025 030  the width7 ! and the strength of the relaxation process,
X which is equal to the ratio of the integrals over the fitted
FIG. 5. Boson peak frequendgolid circles, Debye frequencysolid tri- ~ QELS spectrum and that over the boson peak. The vibration
angle$, and Debye velocitysolid squaresnormalized to 1 ak=0. spectrum we fitted by the power law »?® extrapolated from
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the interval around 0dy, . The fits coincide with the experi- pling of a vibration mode to the fluctuations of vibration
mental curves within the experimental error. The masteiccupation numben(w) (or to temperature at high enough
curve in Fig. 3 givesa=2 with the slopes of the individual T). Sincen(w) is determined by the squared amplitude of
curves scattered around this value-#10% interval. Within  the vibrations, such coupling is provided in first approxima-
the same error we founéf~0.09 in all samples except those tion just by the third order anharmonic coefficient, of' @ru
with x=<0.04; at these low concentrations no reliable estimaeisen parametey. Such relaxation process gives rise to a
tion of the QELS parameters was available due to the finiteself-energy termMg(w) in the vibration susceptibility
low-frequency resolution of the experiment of about 5ém  xo(w): in a single time approximation it can be written as
The dependence of the parameters and w, on the com- 5202
position is shown in Fig. 2. As it is expected already from R
the fact that QELS for different compositions scales on the 1-lwr
master curve together with the boson péaky. 3), the width  Here() is the frequency of the vibration and the parameter

of QELS also scales with the boson peak frequency. Figure haracterizes the strength of the relaxation process. The
shows that in rough approximation there is a linear correlamodef® predicts that

tion betweenr~* and the boson peak frequency. In Fig. 8 the
ratio 7~ Y wy, is plotted as a function of LD fraction; this
figure shows that roughly 1~0.24w,, .

These findings support the anharmonic model of the fast ) ) ) ) ]
relaxation>31 Within the frame of this model the anharmo- WhereM is the molar mass. Finally, in the same single-time

Mo(w)= ()

YT

8=,
Mvt2

4

' ) Lo . N : - QELS
nicity of the lattice leads to the fast vibrational relaxatlon.ap%rgL)gmat'on the reduced QELS intensityl;
Qualitatively, this relaxation process occurs due to the cou=!" /@(n(w)+1), is equal to
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FIG. 7. Correlation between the inverse fast relaxation time (the width X

of the QELS ling and the boson peak frequency for a sequence of the
lithium borate glasses of various composition. Solid circles, VV; openFIG. 8. The ratio of the width of QELS line to the boson peak frequency for
circles, VH polarization. data from Fig. 4. Solid circles, VV; open circles, VH polarization.
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wherel"P(Q)) is the reduced intensity of the light scattering ' ' ' 16
by vibrations in the limits=0. 1"°(Q) essentially represents 60} O He®
the boson peak, si*®-(w) is proportional to the integral E m «,
over the boson peak. Integrating over all Eq. (5) has 501 v Co Y
m 0 15
fl?ELS(w)dQ »®
P ©) 40! *
f 1¥I6(0)d Q) EQE‘E’D.D a4
30= ‘ t
so, according to Eq4) the integral over the QELS spectrum v . :
gives information about the Gneisen parameter. 60+ O D. . 13
The anharmonic model makes prediction that the width 0o m 0 "
of the QELS spectrum correlates with the frequency of the n oy u
boson peak, namely, m 50t P O “a i9 yD
n
7 = wyl3. @) aw O
[ =
This relation is given by a simplified estimation, thus the 40 '[3 E]ﬂ b 1
coefficient between—! and w, may be somewhat different O Cn
from 1/3. There was a phenomenological observatidh 305 . »
that in various glasses at=T, this relation holds surpris- 0.0 0.1 0.2 0.3
ingly good. However, up to now there was no data on the X

B _1 . .
r(_ala_tlon betw_een" and f"_b 'n_ a sequence of glasses with FIG. 9. Correlation between the Greisen parameters and fragility for
similar chemical composition in a broad rangewgf values.  glasses of different compositiorfa) Grineisen parameter for the Debye
The lithium borate glasses give a rare case of the very stroniggauencyyp (solid squaresand fragility m (open squargs (b) Grineisen
shift of the boson peak as a function of a one smooth varibarameter for the boson peak(solid circleg and fragility. The data for

L . . . . fragility are taken from Ref. 23.

able, compositiorx, making it possible to check the predic-
tion of Eq. (7). As we have seen above, our data holds this
relation with the coefficient 0.24 instead of 1/3. Although 1/3where

is only a rough estimate, one should note that the fast relax- 3 ok Kk
ation time, as it is known from the analysis of the light scat- kD:v_D LA (9)
tering data in other glassds.g., Refs. 15, 16, and 27-80 3103 o}

normally weakly decreases when temperature increase
since we analyzed the room temperature data, one can exp
at the glass transition * will be a little bit higher. The data
of Ref. 28 in supercooled ®; indeed gives forr~ ! the
value wp/3 at T=T,."°

The parameteryp is shown in Fig. ). Since the high-
Gf%quency vibrations near the end of the acoustical spectrum
relax weaker than the boson peak vibratiopg,is less than

the respective parameterfor the vibrations in the region of
the boson peak. However, the general behavioypfnd y

o is similar except the region of low-concentration of,Qj

C. Anharmonicity where we have no data for.

Using the values?~0.1 obtained by fitting the QELS An important property of glassformers is the so-called
spectrum as described above, one can estimate fheean ~ fragility which shows how quickly the viscosity, or
parametety for the boson peak within the anharmonic model @-rélaxation time, changes in the glass transition region if
of the fast relaxation Eq4). Taking thev, and T, data for ~ t€mperature is scaled by, % The nature of the fragility is
our set of the lithium borate g|asses from Ref(E@ 4), we still not fu”y understood. In Ref. 24 it was noted that the
obtainedy shown in Fig. 9a). Figure 9a) shows that esti- intensity of the QELS in glassformers, normalized to that of
mated from QELS data Gneisen parameter increases from the boson peak af=T,, correlates with the fragility. The
4 to 6 in the intervalx=0.06—0.28. This means that the anharmonic model of the fast relaxation predicts that the in-
anharmonicity of the boson peak vibrations in lithium boratetensity of QELS in a glass is determined by the cubic anhar-

glasses increases with an increase of the lithium oxide fragnonic coefficient, so in Ref. 15 it was claimed that the fra-
tion. gility increases together with anharmonicity. This was

For lithium borate glasses the temperature variations ofhecked and confirmed in Ref. 15 for a few different glass-
the sound velocity and of the density are knotithus, one  formers. Here we have a possibility to check the correlation
can determine the Gneisen parametey, = J In wp/dInv ~ for a sequence of glassformers of similar composition. The
for the Debye frequency defined by Hd). If x is a volume  latter makes unimportant such factors as different types of
thermal expansion coefficient,= g In V/JT andk, , k., and ~ chemical bonding and structure which may influence the
ko are the thermal coefficients for the longitudinal, transver-comparison in the case of different materials.

sal, and Debye velocities, respectivéd/g., k;=d In v,/dT), The fragility is quantified by the parameterdefined as
e L 10
yo=1/3—kp !, (8) M= AT, T at T—Tg. (10
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We took the data for the fragility of lithium borate glasses .
for somex in the Iiterature2.3llp Fig. 9 the dependence of the . glass supercooled
parametem on the composition is compared with that of the glass transiton | liquid
Gruneisen parameters. One can see that indeed there is : |
correlation of the fragility with the Gmeisen parameters;
the higher anharmonicity corresponds to higher fragility.
In Ref. 34 a correlation between the fragility and the
correlation length was discussed. It was found that the in
different materials the correlation length has a tendency to
decrease with increasing fragility of the glassformer. Such
comparison of course has more sense in a series of sample
of a similar chemical composition. We note that indeed, in i
the case of lithium borate glasses fragility increases while the T T T
correlation length decreases with increasing thgOLfrac- ’ P ©
tion (Figs. 6 and 9 except the regiox<0.08 where the FIG. 10. Schematic differential thermal analysis curve of the glass transi-
behavior is more complicated. This corresponds to the idea#n:
that fragility is higher in more structurallfbut not chemi-
cally) homogeneous glasses and decreases with increase

the structure heterogeneity on the nanometer scale. which we define a8 T,—T,— T, with the anharmonic prop-

. _The structural ba§|s for changlng_ of the fragility M erties and fragility. We are motivated by the results of the
lithium borate glasses is not clear. The increase of the fragil-

ity in lithium borate glasses with is in agreement with the analysis of the glass transition in terms of the mode coupling

e : o ~ theory® The theory predicts the so-called critical tempera-
model of Vilgis® in which the degree of fraglllty IS CON" 4ire T. of the ideal glass transition; it was found thgg

e ! . .
system,Az. Network glasses with fixed covalent bonding int-lt; E;\./aIThg_ngr?_e)n/ﬁ_logig:all;?ngyisr:ssrgfosnshmllvn t?at the relatéve
c— T Ty g g glassformers an

haveAz=0, and, respectively, they are strong glassformers. i 28 35 40 ) )
Fragile systems always have nonzera. In pure boron ox- iesser in the fragilé*“°Here we check if such correlation

ide the boron atom has a fixed valence equal to 3. PossibfXiSt alSo between the width of the glass transition, fragility,
small fluctuations of the number of covalent bonds are con@d anharmonicity. In Fig. 11, boffy /AT, and the Gra-
nected only to the structure defects. In the case of lithiunfiSen parameter for the Debye frequency are shown as a
borate glasses some boron atoms have valence 4 in the strftnction of the composition. The correlation of the relative
tural units Li*BO; . Thus, the number of the covalent bonds width of the glass transition with the anharmonic parameter
of boron atoms fluctuates between 3 and 4. A NMR study ofS Very good even at low<0.1. The parameterg andm
Jellisonet al®” showed that the fraction of 4-coordinated bo- COTTelates withTy /AT, as good asyp ; we show only the

ron atomsp,, for 0=<x=<0.28 is determined by as follows:

latter since it was determined in a broader intervalxof
p.=x/(1—x). The average number of valence bonds perThese results show that at least in a series of lithium borate
boron atom isz=4p,+3(1—p,)=3+x/(1—X). It is easy

endothermic

é)g. Here we compare the width of the glass transition region

glasses with different composition the normalized width of
the glass transition strongly correlates with the fragility and
to find the squared fluctuation of Az’=z*-z*=p,(1  anharmonicity of the samples; this stresses the importance of
—pJ). One hasAz2=x(1—2x)/(1—x)2~x+0(x3). Thus, the anharmonic effects for the theory of the glass transition.

neglecting the third power term of the small paramefexe

see that the correlation between the fragility and Az? IV. CONCLUSION

means that there should be also the same correlation between Due to a strong dependence of the boson peak frequency
m andx in Fig. 9. Thus, at least in the case of the lithium on the composition the lithium borate glasses give an excel-
borate glasses fragility indeed correlates with the degree dént opportunity to investigate correlations between the low-
fluctuations of the boron coordination number. frequency Raman spectfquasielastic scattering and the bo-
Differential thermal analysi€DTA) of the lithium borate son peak anharmonicity, and fragility. We fitted the
glasses in the vicinity of the glass transittdmeveals the quasielastic line by a single relaxation time function and us-
onset temperaturg,, the peak temperaturg,, and the end ing this data and the anharmonic model of the fast
temperatureT, in terms of the phenomenological theory of relaxatio® found the Grmeisen parameter for the boson
the glass transitioff The former temperature is often re- peak vibrations. We estimated also the @eisen parameter
ferred to as the glass transition temperature. Figure 10 showisr the Debye frequency and found out that both parameters
schematically a part of the DTA heating curve in the vicinity increase when LO fraction increases. Comparison of the
of the glass transition with the definition of the three tem-anharmonicity parameters with the fragility in the samples of
peratures. In DTA, the temperature difference is measurethe same composition showed that they strongly correlate;
between the sample to be studied and the standard samplégher anharmonicity corresponds to higher fragility. In a
So, in Fig. 10AT is the difference of temperatures betweengood agreement with the predictions of the anharmonic
the sample to be studied and the standard sample in the DTodel® the width of the quasielastic line is proportional to
setup. The details of the measurements are described in Reéfie boson peak frequency. We found a characteristic—
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