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We carried out incoherent and coherent inelastic neutron scattering on glaséyeiblyl methacrylatein
a wide scattering vector range up to 4.9 Awith a high-energy resolution of 0.16 meV to investigate
low-energy modes: the so-called boson peak and the picosecond-scale process. First, we studied the basic
features of the two modes in the incoherent measurements and found that they are similar to those reported for
many glass-forming materials. In the coherent scattering measurements, focusing@dependence of the
inelastic scattering intensity, we found that the boson peak and picosecond-scale process modes do not move
in phase at a length scale f7 A, while the motional coherency is preserved between neighboring side chains
in a polymer. These observations suggest that the boson peak and picosecond-scale process are localized modes
on two monomers within a polymer chain. The intrachain localization becomes more pronounced with increas-
ing the excitation energy.
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. INTRODUCTION side chains and/or internal degrees of freeddm® The
spectral width deduced from Lorentzian fits is almost inde-
There are still many unsolved problems in the field of thependent of temperature and the length of scattering vector
low-energy modes of glasses and supercooled liquids despi@.*****"**The latter, usually interpreted as the picosecond-
the vast body of data collected in the last two decddedne ~ scale process, is a localized mode. However, recent coherent
of the most controversial problems is the origin of the bosorneutron-scattering studies on the fast process in deuterated
peak and the picosecond fast process observed in mamplybutadiene (PR};) (Ref. 19 have surprisingly provided
glass-forming materials in inelastic neutron scattering angome evidence that the picosecond-scale process af,A8-
Raman scattering spectra. A broad boson peak is universaly damping mode of coherent phonons.
observed at 1.5-4 meV in glasses well below the glass tran- In this work we have performed incoherent and coherent
sition temperaturd . When the inelastic scattering intensity inelastic neutron-scattering measurements on protonated and
is scaled by the Bose factor, the harmonic nature of the scafleuterated polynethyl methacrylate respectively. On the
tering becomes evident. The soft potential modethich ~ basis of the coherent results, we will discuss the spatial scale
postulates a continuous crossover from low-barrier tunnelingnd the motional coherency of the boson peak as well as the
modes to additional vibrational modes, predicted that the boRicosecond-scale process in pohethyl methacrylate
son peak is a localized mode on several tens to hundreds of
atoms. This hypothesis is supported by numerical 1. EXPERIMENT
simulations*®> Moreover, recent inelastic x-ray scattering
(IXS) studie§” have shown that there is a propagating mode Protonated and deuterated atactic polgthyl methacry-
in the low-energy region in glasses. It was originally pro-late) (PMMA and PMMA-dg) which were used for the scat-
posed that the boson peak is a propagating mode: howevdgring experiments were prepared using a radical polymeriza-
the present understanding is that the boson peak is a locdion method. The weight-average molecular weightts of
ized mode which coexists with the propagating mode. TheeMMA and PMMA-dg are 300000 and 320000, and the
coexistence of the localized and propagating modes is visiblpolydispersities in terms dfl,,/M,, are 2.0 and 1.9, respec-
in the non-Gaussian behavior of the Debye-Waller f&ctdr  tively (M, being the number-average molecular wejghihe
in a scattering vectd® range larger than about 3'/A Hence  glass transition temperatures of both PMMA and PMMA-
quantitative evidence slowly emerges that the boson peak @re 104 °C(= 377 K) as determined by differential scanning
a localized mode. calorimetry. The sample thicknesses were controlled in order
With increasing temperature, a picosecond-scale procege give more than 90% transmission of incident neutrons.
appears in an energy region below the boson peak, so that tide observed scattering lav&Q,AE) (AE being the en-
spectral shape changes from inelastic to quasielastic likeergy transfer of neutrgnof PMMA and PMMA-dg can be
The scattering intensity of the picosecond-scale process exegarded as incoherent and coherent scattering laws, respec-
ceeds values expected from the Bose factor due to the anhdively, because of a very large incoherent scattering cross
monic nature. The onset of the picosecond-scale process is siction of the H atom and very small ones of C, O, and D
aroundT in several main chain polymers with no long side atoms® It was reporte&i?*that the coherent scattering from
chains;* " while it is far belowT, in some polymers with ~protonated PMMA at aroun@=1 A~ is about 25% of the
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incoherent one. In this work, however, we did not evaluate 1000

the coherent contribution in PMMA since the emphasis is on - f 5 \ ' \ ‘ ' ' 1
the results obtained for deuterated PMMA. [ ke A9 1

Elastic and inelastic neutron-scattering measurements 2 800 |- S %0-2' <« 14
were performed on a direct geometry spectrometer MARI 5 -l Xxxx
installed at a pulsed neutron source in ISIS, Rutherford g [ 10.1F x* 2% 4]
Appleton Laboratory, Didcot. This spectrometer is designed = goo L é s 3% -
to have a high-energy resolution of typically 1% of the inci- 4 Fon 5 OM 11
dent neutron energy. In the present measurements, we have & T A0 100 200 800 400 T (K)]
selected an incident energy of 15 meV to achieve a high- 5 400 '_,cii@ ]
energy resolutiondE of 0.16 meV, which was evaluated < L3 s 300K 1
from the half-width at half-maximum of the elastic scattering & ?jéj 2 200K 1
on the neutron energy gain side. The neutron detector banks § 200 Eg 100 K

m

of the MARI spectrometer are spread from 3° to 135° with
1000 detectors, so that a very wide and continuous range of
Q is covered. Under the present experimental condition, the -
Q range was from 0.19 to 4.93 A, which is extremely wide 0
compared with a conventional time-of-flighff OF) spec-

trometer at a cold neutron sour€eThis wide Q range is a

distinct feature of this experiment. The measurements were
performed at 22, 41, 100, 200, and 300 K.

-2 0 2 4 6 8
AE (meV)

FIG. 1. Incoherent dynamic scattering la®Q,AE) of PMMA
atQ=2.48 A~1 scaled to a reference temperat(+100 K) by the
Bose factor after correcting for the Debye-Waller factor evaluated
[ll. RESULTS AND DISCUSSION from the Q dependence of the incoherent inelastic scattering inten-
sity. The inset shows the temperature dependence of the mean-
square displacemexiti?) evaluated from th&) dependence of the
In order to confirm the basic features of the boson pealincoherent elastic scattering with various energy resoludgn

and the picosecond-scale process in PMMA, we have carrie() SE=0.08 meV (Ref. 28, (O) SE=2 meV (Ref. 28, and
out incoherent inelastic neutron-scattering measurements f¢®) SE=0.16 meV(this work).
below the glass transition temperatufg (=377 K) at the
above temperatures. The observed incoherent dynamic SC%‘ent(uz) deviates from the harmonic behavigfu2)~T]
Ereri?g ll%vésf)(%AEg Wgre sc?led to afreference Fem[;eratﬁreand shows an excess value as shown in the inset of Fig. 1.

ref( = y the Bose factor after correcting for the . e 2
Debye-Waller factor, which was evaluated from Qeepen- Also, in this figure the reported values dfu”) are

dence of the incoherent inelastic scattering intensity. The rer_eproduceEP to show the anharmonic deviation of the

sults are shown in Fig. 1. At low temperatures of 41 and 10d)resent data. In contrast to the main chain polymers such as
K. the dynamic scattering laws(Q. AE) show a broad ex- polybutadiené!*??°the picosecond-scale process present in

citation peak at-2 meV, which is the so-called boson peak, PMMA i_s observed far below the glass transition tempera-
and the intensities are well scaled by the Bose factor, sug!"® This low-temperature onset160 K) must be due to
gesting the harmonic nature of the excitation. Similar resultdntérnal degrees of freedoms which are not directly related to
were reported for many glass-forming materi@¢*-2°on  the glass transition.
the other hand, with increasing temperatu®(Q,AE) In the present measurements, we have extendedQthe
cannot be scaled by the Bose factor anymore and shows afange up to 4.9 A' for the first time, keeping the high-
harmonic excess inelastic scattering intensity in an energgnergy resolutioE of 0.16 meV. Figure 2 shows the scat-
range below about 4 meV. Then, the spectral shape becomigying lawsS(Q,AE) of PMMA obtained at 200 K for vari-
quasielastic like from inelastic like. This excess scattering i®usQ values. The spectra are corrected for the Debye-Waller
the so-called picosecond-scale process. The dynamic scattéactor evaluated from th€ dependence of the incoherent
ing law S(Q,AE) of the picosecond-scale process or theelastic scattering intensity. AD values below 3 A! acces-
excess scattering was fitted to a single Lorentzian functiosible by conventional TOF spectrometers, the observed spec-
convoluted with the resolution function of the spectrometertra resemble quasielastic ones, meaning that the picosecond-
The results of fits are shown by dashed lines in Fig. 1. Thescale process dominates in the IQwange. At a higheQ
agreement between the observed and calculated spectravialue of 4.8 A%, on the other hand, the boson peak is still
good, implying that the single Lorentzian can approximatelyobserved even above the onset temperature of the
describe the dynamic scattering 1a88(Q,AE) of the fast picosecond-scale process. The boson peak dominates in the
process. The half-width at half-maximum of the LorentzianQ range above~4 A~ These results have never been re-
is almost independent of temperature and scattering vectqrorted as far as we know. It is interesting but not easy to
Q, being about 1 meV. Similar results were reported for somenswer what this result means. One possible explanation is
glass-forming materiaf&:1315-17:27 that the boson peak is a more localized mode than the
According to the onset of the picosecond-scale procesgqicosecond-scale process and dominant in the higher-
the temperature dependence of the mean-square displagenge. Another possibility is that boson peak is hidden in the

A. Incoherent scattering
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2 0 2 4 6 8 10 FIG. 4. Q dependence of the coherent elastic scattering from
AE (meV) PMMA-d at 100 (1), 200 (@), and 300(0) K. Three distinct
peaks at 0.9, 2.0, and 3.17A were observed in th® range. Ac-
FIG. 2. Incoherent dynamic scattering la®Q,AE) of PMMA  ¢ording to the assignment by Lovell and WindRef. 30, the peak
at 200K(Tg=377K) as a function ofQ from 1.1 to 48 A% 3109 A'is a composition containing neighboring interchain cor-

S(Q,AE) was corrected for the Debye-Waller factor ex@\). relation and intrachain correlation between nearest-neighboring es-
Note that the onset temperature of the fast process is approximatejy, groups in a syndiotactic sequence of atactic PMMA, and the
160 K. second and third peaks at 2.0 and 3.1*4are intrachain correla-

) ) tions between neighboring ester and methyl groups in a syndiotactic
Debye level in the lowQ and low-energy region, and hence sequence and between nearest-neighboring methylene units in a
we do not observe it due to the lack of the sensitivity of thechain, respectively.

neutron scattering.
incoherent elastic scattering. Comparing the coherent scatter-

ing laws with the incoherent ones shown in Fig. 2, qualita-
tively no large differences are observed. A similarity between
Figure 3 shows coherent dynamic scattering lawshe coherent and incohereS{Q,AE) is also observed at

S(Q.AE) of deuterated PMMAdg at 200 K for variousQ 100 and 300 K, suggesting that the boson peak and the
values from 0.93 to 4.85 &, which were corrected for the picosecond-scale process are essentially a self-motion or a
Debye-Waller factor evaluated from th@ dependence of yery |ocalized motion. One question that we have to consider
is to what extent the motions are localized: on one mono-
mer, two monomers, or more?

B. Coherent scattering
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gy
140 “ Information about motional coherency between atoms or
Il PMMA-d, at 200 K atomic groups can be obtained from tRedependence of
120 coherent inelastic scattering. As is well known, when we
Q=485A" observe scattering particlger atomic groups moving in
100 phase by coherent scattering, fQedependence of inelastic
4.30 . : -
301 scattering due to the in-phase motion must be the same as

that of the elastic scattering. On the other hand, if the par-
ticles move out of phase, we observe self-motions even in
the coherent scattering. On the basis of this simple argument,
we discuss the mode of motions related to the boson peak
and the picosecond-scale process using the coherent inelastic
neutron-scattering data on deuterated PMMA-

The Q dependence of elastic scattering intensity is shown
in Fig. 4 for 100, 200, and 300 K in @ range from 0.19 to
4.93 A", Three distinct peaks are observed at 0.9, 2.0, and
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0 3.1 Al in the Q range. In a wide-angle x-ray scattering
2 0 2 4 6 8 10 (WAXS) from atactic PMMA, three peaks were observed
AE (meV) almost at the same positions: 1.0, 2.2, and 3:0.AThe

assignment of the three peaks in the WAXS has been done by
FIG. 3. Coherent dynamic scattering law§(Q,AE) of  Lovell and Windle® This assignment was confirmed by
PMMA-dg at 200 K as a function of) from 0.93 to 4.85 AL purely coherent neutron scattering using polarized
S(Q,AE) was corrected for the Debye-Waller factor ex@). neutrons’? According to them, the first peak at 1.0 Ais a
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composition containing neighboring interchain correlations
and intrachain correlation between nearest-neighboring estt 40 : : : :
groups in a syndiotactic sequence of atactic PMMA. The _ (a) 100 K £ 5
second and third peaks at 2.2 and 3.0*Avere assigned to elastic .
intrachain correlations between neighboring ester and methy
groups in a syndiotactic sequence and between neares
neighboring methylene units in a chain, respectively. Note
that interchain correlation is included only in the first peak.
The Q dependences of the coherent inelastic scattering
intensities integrated in an energy range frokE
—0.5meV toAE+0.5meV at variable energy transfek&
are shown in Figs. ®-5(c) for 100, 200, and 300 K, re-
spectively. In the figures, for comparison, the elastic scatter
ing intensitiesl ,(Q) are also plotted in a fornQ?l ,(Q)
because inelastic scattering intensity increases
First, we focus on the lowest-energy transfexE
=1.9meV, which corresponds to the energy region of the
boson peak and the picosecond-scale protess Fig. 1 In
the Q dependence of the inelastic scattering AE
=1.9meV, the peaks or shoulders are observed at 2.0 ar
3.2 A1 at every temperature. These are very close to the
peak positions observed in the elastic scattering, althoug
rather broader than those expected from the elastic scatte
ing. On the other hand, no peaks or shoulders are observed
aroundQ=0.9A"! in the Q dependence of the inelastic
scattering intensity alE=1.9meV, while a peak aQ
=0.9A ! is clearly observed in the expected spectra from
the elastic scattering. The absence of the peakQat
=0.9A ! means that at a length scale of7A
(=27/Qmay, Which includes intrachain and interchain cor-
relations, the boson peak and the picosecond-scale proce
modes do not move in phase. On the other hand, the peaks
2.0 and 3.2 A suggesting correlations at a length scale of
~3.1 and~2.0 A are preserved between side chains within a
polymer chain. From these observations, it is concluded tha 80 . .
the boson peak and the picosecond-scale process modes i
intrachain-correlated motion between neighboring side
chains and probably localized on two monomers. It is notec
that the intrachain-correlated motions are not trivial becaust
there are many rotational degrees of freedom in a PM&jA-
monomer including ester and methyl side chains.
ComparingS(Q,AE=1.9meV) at 100 K with those at
200 and 300 K, the peaks at 2.0 and 3.2%/t 100 K are
broader than those at 200 and 300 K. At 100 K, we observt
only the boson peak mode, while at 300 K the picosecond
scale process dominants&E =1.9 meV. The broader peaks
at 100 K probably mean that the boson peak mode has
broader distribution in spatial scale than the picosecond-scal
process. As the energy transteE increases, intrachain cor-
relation peaks at 2.0 and 3.2 Aare less pronounced and not
observed ahE=7.9 meV any longe(see Fig. 5. This sug-
gests that motions in the energy region abevé meV are
very much localized in a PMMA chain and each monomer
and/or side chain moves independently in glassy states. FIG. 5. Q dependence of the coherent inelastic scattering from
As mentioned in the Introduction, Buchenetial** have  pMMA-ds as a function of the energy transt&E from 1.9 to 7.9
performed coherent inelastic scattering measurements GRev. (a) 100 K, (b) 200 K, and(c) 300 K. The spectra were ob-
deuterated polybutadiene RBy, a typical main chain glass- tained by integrating(Q,AE) in an energy range fromE—0.5 to
forming polymer, focusing on the interchain correlation peakAE+ 0.5 meV. TheQ dependence of the coherent elastic scattering
atQ=1.5A"1. In theQ dependence of the inelastic scatter-14(Q) is also plotted in a form 002l (Q).
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ing at aroundAE=1 meV, they observed a clear correlation lated to the glass transition because it is a side-chain motion,
peak atQ=1.5A"1, while no peaks were observed in a although the apparent features are very similar to those ob-
high-energy region above-4 meV. Hence they concluded Served in PB except the onset temperature.
that the picosecond-scale process as well as the boson peak
in the low-energy region is a correlated motion between
neighboring chains. It was also shown that the low-energy
spectra were well reproduced in a model calculation in terms In the incoherent and coherent inelastic neutron scattering
of a sum of sound wavépropagating modeand localized measurements on PMMA and PMMdyg, we have extended
modes. Their results seem to contradict our observations ithe Q range up to 4.9 A, keeping a high-energy resolution
PMMA-dg. This apparent contradiction between theof 0.16 meV. These measurements revealed a localized na-
PMMA-dg and PB4, results is interpreted in terms of a ture of the picosecond-scale process and the boson peak ob-
strong damping of the correlated motion. In served at around 2 meV. It was found in the coherent mea-
PB-d,—(CD=CD—CD=CD),—], which has no side surements that the boson peak and the picosecond-scale
chains, main chains are in close proximity; hence, the correprocess do not move in phase at a length scale-8fA,
lated motion between the neighboring main chains is notvhile the motional coherency is preserved between neigh-
damped. In PMMAdg[—(CD,—C(CD3)(COOCL,)),—1, boring side chains within a polymer. From these observa-
on the other hand, two side chains, that-isCD; and tions, it was concluded that both of them are intrachain-
—COOCD;, separate the neighboring main chains. In fact,correlated motions between neighboring side chains and
the interchain distance Q. is 7 A for PMMA-dg, localized in a length scale less tharv A, probably on two
being much larger than that of P&{4.2 A). Therefore, the monomers. As the excitation energye increases, the intra-
correlated motion between neighboring main chains must behain motional coherency is less pronounced for both the
damped due to the existence of side chains, and limitehoson peak and the picosecond-scale process. Abore
within a polymer chain. meYV, this coherency is completely damped, implying that the

It is worth pointing out that the picosecond-scale processnotions are localized on less than one monomer and the side
in PMMA and PMMA-dg observed far belowl, is not re-  chains move independently.

IV. CONCLUSIONS
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