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Glassy 1-butenéCH,—CHCH,CH,) was studied by incoherent inelastic neutron scattering below

10 meV in the temperature range<t8<80 K covering the glass transition temperatufg & 60

K). A broad excitation peak due to thew-energy excitationwas found at 3—4 meV. The spectra
corrected for the Bose factor could be scaled to a unique curve for temperaturesThelde
absolute density of vibrational states was derived from the spectrum at 18 K and the previously
measured heat capacity data. The number of vibrational states associated with the low energy
excitation was 1.4 per molecule. This is much larger than those foy &M@ other amorphous
materials studied so far. The density of vibrational states was well reproduced by the soft potential
model originally conceived for network glasses. 196 American Institute of Physics.
[S0021-960606)50126-1

I. INTRODUCTION Our heat capacity stud§ has shown that 1-butene is
vitrified easily by cooling the liquid and also crystallized by
Low energy excitation in amorphous materials is one ofannealing the undercooled liquid at around 70 K for 1-2 d.
the current topics in condensed matter physiédt is ob-  The glass transition and fusion temperatures are 60 and 87.8
served as non-Debye excess heat capacities and anomaldUsrespectively. The heat capacity of the glassy 1-butene is
thermal conductivities in the temperature range 10-80K  much larger than that of the crystal at low temperatures
and as a boson peak in the energy range 1-3 meV in inelaground 10 K. This suggests a strong contribution from the
tic neutron and Raman spectfa* Various types of amor- low energy excitation in the glassy state even though
phous materials(e.g., network glassé$;?! amorphous 1-butene may be a fragile liquid. It is the aim of the present
metals?® molecular glasses; % glassy polymer®=—33 have  study to analyze the heat capacity data combining with the
been studied and several modét4*have been proposed to density of vibrational states derived from the INS experi-
reproduce their results. However, the origin and the microiment. This allows us to determine quantitatively the excess
scopic mechanism of the low energy excitation have nodensity of states.
been explained successfully. Empirically, it has been claimed
that the intensity of the low energy excitations in the strongll. EXPERIMENT
glasses(mostly network glasses like SiDis larger than
those of the fragile glassegmolecular liquids like
o-terpheny).*® The commercial reagent of 1-bute(88%, Tokyo Kasei
We performed incoherent inelastic neutron scattering<ogyo Co. Ltd) was purified by vacuum distillation at 200
(INS) experiments on glassy 1-butef@H,—~CHCH,CHy,). K. The liquified 1-butene T,=268 K) was confined in the
The molecular glasses which have been studied in relation tgoncentric double-cylinder aluminum cafl15 mm in
the low-energy excitation have large molecular weights, e.gheight, 14.5 mm in the outer diameter of the outer cylinder,
o-terphenyl (M=230%® and 1,3,5-trie-naphthylbenzene 13.5 mmin the outer diameter of the inner cylinder, 0.25 mm
(M :457),3 or form intermolecular hydrogen bonds, e.g., in thickness of both cylinde}susing an indium gasket. The
methand???” and glycerof® 1-Butene (M=56) has the mass and thickness of the sample were 0.39 g and 0.25 mm,
lowest molecular weight among the molecular liquids whichrespectively.
can be vitrified by normal liquid quenching, and being a
hydrocarbon, condenses by weak van der Waals interactio. Neutron scattering measurement

It is of interest to compare the low energy excitation of  th4 inelastic neutron scatterifgNS) experiment was
1-butene with those of other amorphous materials studied Sﬁerformed with the inverted geometry time-of-flightOF)
far. spectrometer LAM-4% installed at the pulsed spallation
cold neutron source in the National Laboratory for High En-
dAuthor to whom correspondence should be addressed. ergy PhysicdKEK) in Tsukuba, Japan. The energy resolu-

A. Sample
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@ Bo ot o o FIG. 2. §(Q, ) spectra of 1-butene reduced to the values at 60K¥,) by
using the Bose factoO: 18 K, A: 38 K, [1: 45 K, @: 54 K, A: 63 K, H:
80 K.

The data were corrected using the Debye—Waller factor and
symmetrized using the Bose factor. Each spectrum was
shifted upward by 0.01 for the sake of clarity. One recog-
nizes a peak attributed to the total low energy excitation at
around 3 meV. At 80 K where the sample was a supercooled
FIG. 1. S(Q,‘w) of 1-butene observed by LAM-40 below a_nd above the liquid; a quasielastic scatteringlue to the fasig process
glgss transition temperatu(Et@O K). The specotra v:/ere oobtalnedoby sum- contributed significantly near the elastic peak.
ming up six spectra at scattering angles of 24°, 40°, 56°, 72°, 88°, and 104°. .
The mearQ value is 1.54 AL The data were corrected using the Debye—  IN order to compare the spectra collected at different
Waller factor and symmetrized using the Bose factor. Each spectrum iéemperatures, they were adjusted to 60 K (T,) by multi-
shifted upward by 0.002 for the sake of clarify: 18 K, A: 38 K, [I: 45 K, p”cation of appropriate Bose factors and p|0tted in F|g 2.
®: 54K AT63 K, W: 8O K. The positions of the low energy excitation peaks did not
depend on the temperature and the intensity of every peak

tion was 0.2 meV and the energy window extended to 1(EXCept that at 80 K could be well scaled by the Bose factor.
meV. The magnitude of the scattering vec@at the elastic It has been claimed that the larger the fragility is, the
position ranges from 0.2 to 2.4 A The measurement was Weaker is the boson pedkThe ratiol mi/I max at Tg, where
carried out at 18, 38, 45, 54, 63, and 80 K covering the glaskmin S the minimum value of the scattered intensity close to
transition temperaturg; = 60 K. the elastic peak anig,,, the maximum value of the inelastic

In the present measurement of 1-butene, the observeRfak, was used as a measure of the relative contribution of
neutron cross section was dominated by incoherent scatterifjé boson peak to the fagtrelaxation’® This ratio was 0.55
from hydrogen atoms. This is because 1-butene contains onf¢" 1-butene. This value is comparable with the val0s0
H and C atoms, and the incoherent atomic cross section & SiO; of a typical strong glass and much smaller than the
hydrogen is much larger than the incoherent and cohererflue(1.00 of o-terphenyl of a typical fragile glass.

atomic cross section of carbon and the coherent cross section Since the fragility of 1-butene is not known, we esti-
of hydrogerf® mated it from the temperature dependence of the structural

relaxation timesr in the Adam-Gibbs form
IIl. RESULTS AND DISCUSSION =10 X AITS), )

A. Boson peak whereA is a constant related to the activation energy and

The LAM-40 spectrometer collects the scattered intendS & frequency factor. The temperature dependence of the

sity at six scattering angles 24°, 40°, 56°, 72°, 88°, and 104¢onfigurational entropys; was calculated from the calori-

: 46
corresponding to different scattering vectors. The shape dietric datd” The constantA was evaluated to be 47.3

spectra, including the position of the peak due to the lowkd mol™" by SUbS“tUtingfozlqlg s and the appropriate
energy excitation described later, did not depend on the sca¥@lues forS; (=21.4 JK*mol™) and 7 (=10%9) at T Into
tering angles within the experimental precision. ThereforeEd: (1)- The calculated |0®79/~°é) were plotted as a function of
they were added together to produce @xindependent INS  To/T in Fig. 3 (Angell plot®9. The fragility m defined by
spectrum. The mea® value was 1.54 A, Figure 1 shows d log 7

the incoherent inelastic scattering functioQ,w) of m A1)

1-butene from the INS spectra for different temperatures. 97 T=Ty

)
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s G(w@)=Gee(®) + Gpepyd ®). (4)
' ' ' ' Gpebyd®) is given by
; Goebyd @) =a0®  (0=<wp)
o . =0 (w>wp), (5)
—~ wherea is a constant and is the Debye frequency. These
2 ; are related by the normalization condition
QT:B -5 L] wp=(9/a)Y3 6)
= wp Was assumed to be 11.2 méY30 K), which is the value
: for crystalline 1-butene calculated from the heat capacity
-10r P data® The difference inwp, between the glassy and crystal-

E line states is usually less than 5% and neglected in the fol-
d(log 7 )/d(T/T) = 70.9 ; lowing analysis. The parameter was determined to be
o ; 6.41x107° meV® from Eq. (6).

15 0.2 0.4 0.6 0.8 1 The molar heat capacitg, is related to the density of
T./ T vibrational states by
g

Cp/R= me(w)G(w)dw (7

FIG. 3. Angell plot(log(7/s) vs T4/T) of 1-butene. The plotted data were 0

calculated from the calorimetric data and Adam—Gibbs relaes the text
for the detaily. The solid line represents the slopeTat, corresponding to J

the fragility of 71. = | E(w)Gge(w)dw+ J DE(w)GDebye(a))dw,
0

0
tS)

was calculated to be 71 from the slope of the curvé gin where E(w) is the Einstein function. From Eq$3)—(5),

Fig. 3. 1-Butene was thus confirmed to be quite a fragileG .(w) is given by

liquid as expected from the intermolecular-bond nature; cf. )

o-terphenyl(m=81) and SiQ (m=20).>! We have thus an GLee(0) =bGy(w) —aw®. ©)

intense boson peak on the one hand and a high fragility om order to perform integration dB, ge(w) over w including

the other. These have previously been believed incompatiblghe region below 0.7 meV and above 10 meV, it was neces-

in @ compound. The different behaviors can be attributed tgary to fit G cz(w) by a closed-form function ofs. Func-

the difference in molecular weight and structure betweenjonal representation also helps in reducing the effect of ran-

1-butene ancb-terphenyl; i.e., the unit constituting a mol- dom errors in the5,(w) data. The function need not have a

ecule is methyl and methylene groups for 1-butéMe=56)  physical interpretation and may involve as many parameters

and phenyl group foo-terphenyl(M =230. The number of  as are appropriate. We used a flexible function
flexible modes per atom in 1-butene, including the overall

rotation, is larger than that in-terphenyl. The previously (0)=
believed empirical relation may hold for a limited group of LEE (w5l 02+1)
substances to which 1-butene does not belong.

exi —(0—p)?20] (0<p),

= (D) exd — (0—w)?R2oy] (0> p).

B. Density of vibrational states (10)

The incoherent inelastic scattering functi®(Q,w) at  This is a modified Gaussian function in whichis a scale
18 K was converted to a relative density of vibrational statesfactor, u the energy of the peak topr and oy the half-
G,(w). Magnitude of the correction for the Debye Waller widths at half maximum on the lower and higher sides of the
factor was less than 3% @& ,(w) at 3 meV where the Boson peak top, respectively. The pre-exponential factom)gl(o2
peak occurred. The absolute value of the density of vibras+ 1) was introduced to make the function approach the De-
tional states per molecule of 1-buter@(w), is related to  bye function G ge( ) * w?] nearw=0.
the relative density of states by The unknown parameters in Eq®)—(10) were deter-
mined by the least-squares fitting as follows. Equatib®)
G(w)=bGy(w). ©) was first fitted to theG, ge(w) calculated by Eq(9) for an
The normalization factob was determined from the low arbitrarily choserb value usingn, o, o, and wy as ad-
temperature heat capacity d&tay the following method. justable parameters and then the heat capacities calculated by
In the low energy region relevant to the present problemEg. (8) was compared with the experimental heat capacities
G(w) is assumed to consist of the terms representing the lown the temperature range between 5 and 25 K. This procedure
energy excitation G ge(w) and the Debye vibration was repeated for variousvalues to find the best fit for both
Gpepyd @); 07324041 G(w) andC,, data. The best fit parameters were as follows:

J. Chem. Phys., Vol. 105, No. 2, 8 July 1996
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This is not because Eq10) is inadequate but because the
contribution from the vibrational modes which appear above
10 meV (116 K) was not included in this calculation and
may become significant at higher temperatures.

The number of the extra mode¥ ¢ for a 1-butene
molecule is given by

0.8 T T T T

o
o

N ge= Jo Glee(w)dw (11)

G (@) (mev!)
N

he¢
[

and equal to 1.40/molecule, corresponding to 0.35/carbon
atom and 0.12/atom. This value is considerably larger than
the corresponding value for SjOand Se glassedca.
0.02/atom.*

In the analysis presented above, it has been assumed that
the normal vibrational density of states is represented by the
FIG. 4. Density of vibrational states of 1-butene obtained i(@,») ~ Debye model and that the extra states are simply added to it.
spectrum at 18 K and the .Io.w temperature heat' capacity. The solid Imel_he assumption of the Debye model is acceptable for Iong
represents the result of the fitting and the dashed line the Debyésparthe
text for the details wave vibrations since macroscopic elastic properties of crys-

talline and glassy states of a substance do not differ much.

However, this assumption may not hold at shorter wave-
b=0.032 meV', n=0270 meV', u=4.49 meV, |engths where the dispersion curve approaches the zone
o, =1.63 meV,o0=4.49 meV, andw,=0.48 meV. There  poundaries or meets rotational modes coming down from the
are six adjustable parameters in this fitting, and may give aRjgh frequency range. Nevertheless, we assume the Debye
impression that they are difficult to determine accurately.spectrum for the entire frequency region in order to extract
Actually it is not so, becausg, o, and oy were quite  the excess part due to the low energy excitation and to fa-
independent of each other and independent of the other threflitate the analysis with the soft potential model described
parameters, antl is only slightly correlated to. Only the  pelow. Note, however, that the number of states belay
correlation between andw ( was substantial but their stan- (=11.2 meV is 4.40, which is significantly larger than 3,
dard deviations are still less than 10% of their values. independently of the validity of the Debye model and the

Figure 4 shows the plot dB(w) [ = bG,(w)] thus ob-  additivity between the normal acoustic vibration and the ex-
tained. The solid and dashed lines represent the Ca'CU'atQ;(éSS low energy excitation. Some vibrational mode other

value of G(w) and Gpepyd w), respectively, showing a satis- than the translational one should be involvedsifw) below

factory result of the fitting. Figure 5 shows the experimentaly, , .

molar heat capacities of glas§ypen circles and crystalline

(closed circles1-butené® The solid line represent the result

of the fitting described above. The agreement between the ,

experiment and theory is satisfactory up to ca. 20 K. The~: Soft potential model

deviation becomes larger in the high temperature region. At present, the best model to describe various anomalous
physical properties due to the low energy excitation is the
soft potential model developed by Bucheretal 3°~*! This

20 , : , , model, though phenomenological, can reproduce the anoma-

lies in density of vibrational states, heat capacity, and ther-

mal conductivity of network glasses in the low enefggm-

perature region. The potential of the soft mode is given by

V(X)=W(Dx+ D,x2+x%), (12)

0.0

—
w
T

wherex is the displacement and the constant energy char-
acterizing the systenD, characterizes the small positive or
negative restoring force arid; describes the asymmetry of
the potential. Assuming that different values®f and D,

are distributed in the glasses, one obtains a broad distribution
of soft modes ranging from tunneling to vibrational states.
The distribution functionP(D,,D>) is independent oD,

T (X) and Gaussian iD; with the center at zero

Cp (J Kl mol™)
S
T

2
FIG. 5. Low temperature heat capacities of 1-butéRef. 46. Open circles P(Dl ) Dz) =Ps eXF( - AD1)- (13

represent the heat capacities of the glassy state and the closed circles thos?1 . .
of the crystalline state. The solid line represents the result of the fittingV ereA can be related to the thermal strain which occurs

corresponding to the solid line in Fig. 4. below glass transition temperaturg .52 Based on these as-

J. Chem. Phys., Vol. 105, No. 2, 8 July 1996



736 Yamamuro et al.: Low energy excitations in glassy 1-butene

in the soft potential modeW was found to be 0.58 meV,
giving Ps=2.41x10 3. The corresponding quantities of
SiO, glass arev=0.33 meV andP;=1.5x10"° (Ref. 41).

0.04 1 A W is approximately the same b, of 1-butene is much
larger than that of Si@glass, in agreement with the large
excess density of states obtained in the previous section. It is
interesting that the low energy excitation of 1-butene is
roughly reproduced by the soft potential model originally
conceived for network glasses.

0.05 T T T

® (meV) D. Origin of the low energy excitations

FIG. 6. Density of vibrational states divided b§. The solid line represents One may ask where the extra 1.40 modes per molecule
the result of the fitting in terms of the soft potential model and the dashedn glassy 1-butene come from. We propose that the origin of
line the Debye part determined by the fitting shown in Fig. 4. the low energy excitation is the softening of the rigid-body

rotational mode of molecule, whose frequency is around
10—-30 meV in simple molecular crystals. The softening may
be caused by frozen density fluctuations and local strain
fields in the amorphous structure. It is also possible that the
methylene rotation, though their frequencies are usually
higher than that of the overall rotation, is involved in the low

sumptions, Ramost al** have derived a simple form of the
density of vibrational stat&, cg(w) of the soft modes in the
following form:

Giee( @)/ w?=§(Ps/W°) w? energy excitation. Other internal degrees of freedorathyl
1 rotation, C—H stretching, C—C stretching and bending
X j exf — 5.41 o/ 0y *t3(1—12)?]dt. modes are at higher energies and thus cannot take part in the
0

low energy excitation. In the crystalline state, the rigid body
(14)  rotations and internal rotations are localized motions with
little wavelength dependence. The present conjecture for the
mechanism of the low energy excitation assumes that the
energy of some of these modes is as small as 3 meV. An
alternative model, in which one may attribute the low energy
Xcitation entirely to the translational mode, is not acceptable
ecause the number of states beloyw (4.40 is much larger

Here, the unit ofw is meV andG, ge(w) is given as the
number of states per particle and per meV.

With wmaandPs/W? as adjustable parameters, Eig)
was fitted to the experimentally obtain&j g(w)/w?. Fig-
ure 6 shows the result of the fitting; the solid and dashecg
lines represent the calculated values ®fgg(w)/w? and
GDebye(w)/wz, respectively. The fitted curve reproduces thethan 3.

general energy dependence of the low energy excitation; i.e., 't Was demonstrated that 10—100 atoms move together in
i@ single soft mode in the molecular dynamics simulations for

parameters are as followso,,,=2.53 meV andPyws  91assy methaggﬁ? seleniunt;* and even for simple soft-

= 3.67 X 1072 meV 5. For glasses at low temperatures, aSphere glas® _In 1_-butene, however, this picture is not
minimum and a maximun( ;,<T.s,) appears in the plot of accepFabIe can|der|ng the fact that.th(_e nu_mber of the states
Cp/T3 corresponding to the effects of the tunneling and ex-associated with the .Iow energy exgltatlon is as large as 1.4
cess vibrational states due to the soft modes, respectively. REr molecule. The intermolecular interaction in molecular

the soft potential modelT 4 is related towq, by the rela- glasses is weaker and more isotropic than those of the net-
tion work glasses, and so it is inconceivable that such a large-

., scale group motion sustain itself in molecular glasses. Actu-
KeTmax= 2.20< 10" " 0may, (19 ally any collective motion or domainlike structure of more
wherekg is the Boltzmann constar8.61x10° ev K™%,  than ten molecules has not been observed in molecular

The T,4x Calculated fromw,,,, was 6.5 K, which is close to 9lasses. We suppose that the soft mode in molecular glasses
the experimental value of 8.0 #.Since T,,;, of 1-butene IS @ssociated with the motion of a single molecule or at most

was lower than the lowest temperature of g measure- 2 few molecules.

ment (5 K), it was calculated from the empirical relatfSn The INS experiment in the energy range higher than 10
134 meV is desirable because it will allow investigation of the
Trmin=0.914T 3Tmax (16) density of states for the rotational modes of the molecule and

to be 3.74 K using, = 60 K andT,,,=8.0 K. On substitu- critically test the validity of our model. It is also desirable to
tion of this value into mex investigate other molecular glasses homologous to the

present one and others containing phenyl and hydroxyl
W= 1.8gTmin (17 groups.

J. Chem. Phys., Vol. 105, No. 2, 8 July 1996
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