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Inelastic x-ray scattering data have been collected in the polymeric glass poly(methylmethacrylate)
in the P = 0—4.5 kbar andQ = 1-15 nm~! pressure and momentum transfer regions. PAt=
Py =~ 1.6 kbar, the elastic intensity ap values smaller thar=5 nm™! and the sound excitation
energy atQ =2 nm~!' show a cusp behavior in their pressure dependences. These findings could
indicate a pressure-induced structural transition in this polymeric glass, which does not affect, however,
interparticle static correlations with length scales shorter thar: 1 nm. [S0031-9007(98)06057-8]

PACS numbers: 63.10.+a, 61.10.Eq, 63.50.+Xx, 64.70.Kb

The dynamics of disordered solids shows very specifiof investigation is the study of the pressure dependence
behaviors such as two-level systems, thermal conductiwef the high frequency glass dynamics at pressures that
ity plateau, andexcesof vibrational density of states [1], may start to modify the glass bonding network. The
which strikingly contrast with the absence of any obvi-effect of hydrostatic pressure on the nanoscopic glassy
ous feature in their static characteristics at the nanometestructure and its inherent dynamics has already been in-
scale. Incidentally, the question of whether these dynamivestigated in various materials with different techniques.
cal anomalies are rooted into some specificity of the statit. ow temperature measurements on a semicrystalline poly-
structural disorder is highly debated and a unifying picturemer [12] showed a considerable decrease of ékeess
relating the glassy structure to the collective dynamics stilspecific heat on increasing pressure, thus suggesting
awaits to be settled. Theoretical arguments, moleculaa strong perturbation of the acoustic phonon pattern
dynamics simulations in both the supercooled and glasswith pressure. Brillouin visible light experiments on
states [2—4], and even diffraction measurements [5,6] sugamorphous poly(methylmethacrylate), PMMA, evidenced
gest that thenedium range ordeof disordered systems is around 1.1 kbar an abrupt change in the shear elastic con-
characterized by a correlation length of a few nanometerstant and in the intensity of the transverse phonon lines,
The physical significance of such a length scale, and, moréaus indicating aweak glass transition within the glass
important, its relevance to collective excitations and theif13]. Recently, nonlinear optical measurements on sev-
propagating nature is still unclear. eral amorphous polymers confirmed the existence of a

Recently, dynamic structure facta$(Q, E), measure- marked change in the local structure at pressures in the
ments, at energie¥ and momentum transfer®@ rele- 1.1-1.5 kbar range [14].
vant to density fluctuations approaching the interparticle In this Letter we report new evidence on the pos-
distances, have been performed on strong, intermediatsible existence of arn-glass transition in PMMA: we
and fragile glasses [7—11] using the inelastic x-ray scatshow IXS data pointing towards a structural transforma-
tering (IXS) method. Most of them point out the exis- tion that takes place over a length scale which is larger
tence of acousticlike excitations [7,8,10,11]; the energythan the typical interparticle distances, and which re-
of these modes{)(Q), has been found to disperse lin- flects onto the longitudinal collective dynamics. The dy-
early with Q, while their energy broadenind;(Q), in- namic structure factoS(Q, E) of this polymeric glass
creases proportionally t@>. Therefore, a value o,  shows an inelastic feature that disperses with By in-

Q. exists at whichI'(Q) = Q(Q), and where it is no creasing the hydrostatic pressure up to 4.5 kbar the en-
longer possible to describe the inelastic partS¢f,E)  ergy position of this excitation linearly increases, with
in terms of propagating excitations. In these systems, a change of slope aroun®, = 1.6 kbar. Concurrently,
relation betweenQ,, and the microscopic structure has around P, the pressure dependence of the elastic sig-
not yet been established. It is possible, therefore, thatal atQ = 2 nm~! shows a comparatively stronger cusp,
Q.. is a physical quantity connecting the high frequencya behavior which is not observed in the high@rre-
dynamics to the mesoscopic structural properties. Obvigion. In spite of the absence of any characteristic fea-
ously, further studies aiming to better identify these issueture in the static structure fact6{Q), these results unveil
are highly needed. Among others, a possible directiothe occurrence of a pronounced structural rearrangement
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within the amorphous state &, affecting most dramati-
cally the interparticle correlations at a length scale larger
than=1 nm.

The experiment was carried out at the new very high
energy resolution inelastic x-ray scattering beam line
(BL21-1D16) at the European Synchrotron Radiation Fa-
cility [15—-17]. The instrument was used at the Si(11 11
11) reflection in backscattering geometry. At the inci-
dent energy of=21748 eV, the total instrumental reso-
lution function, measured from the elastic scattering of
PMMA at the maximum of its static structure factor
(0 =10nm™"), was 1.5 = 0.1 meV full width at half
maximum (FWHM). A five analyzer setup allows the
simultaneous recording of scattering spectra at five differ-
ent Q values spaced by=3 nm~!, each with aQ reso-
lution of 0.4 nm~! FWHM. Energy scans, performed
by varying the monochromator temperature with respect
to that of the analyzer crystals, took about 150 min,
and eachQ point was obtained by typically averag-
ing five scans. The data were normalized to the inten-
sity of the incident beam. The PMMA, manufactured
by Norsolor Company (France), has a number average
molecular weight ofS8000 g mol™!, and a glass tran-
sition temperaturel’, =~ 390 K, as determined by dif-
ferential scanning calorimetry. A 9 mm long, 8 mm
diameter cylindrical sample was placed into a cylindrical
stainless steel high pressure cell, sealed at both ends by
1 mm thick diamond windows with a 2.2 mm diameter FIG. 1. IXS spectra of PMMA aP = 4.5 kbar as a function
aperture. The crystalline windows allowed the passagef O (a), and a2 = 2 nm™! as a function of? (b). The data
of incident and scattered beams with negligible scatter(©) are shown together with the Lorentzian fits discussed in the

. - - : . ext. The total fit result (solid lines), and the elastic (dashed
ing. Pressure was applied using a piston-and-cylinder d ines) and inelastic (dotted lines) contributions are individually

vice equipped with a pressure gauge*df0 bar precision  shown. The data have been normalized to the elastic peak
(Nova-Swiss). Ethanol was used as the pressure transmititensity. Here, the typical total intensity was 300—500 counts.

ting medium, and its amount in the x-ray beam was lesghe inset shows th@ dependence of th& andI" parameters
than 1 mm. Its contribution to the total scattering wasoPtained from the fit. The line is a linear fit to tii¥q) values,
estimated to be less than 10%, and it was neglected iﬁnd the corresponding velocity of sound is indicated.

the data analysis. All pressure points investigated in this
study were reached on pressure increase to avoid possi-
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ble hysteresis effects, and all measurements were made(Q, E) = 1.(Q) %
at room temperature, i.e., well belo#,. The reported E? + T.(0)
transformations were observed to be reversible by repro- (o)
ducing the ambient pressus#Q) data at the end of the X [n(E) + 1]1(Q) )
experimental runs. [Q(Q) — E]* + F(Q)(zl)

The IXS spectra of PMMA were measured as a function
of 0 and pressur®. TheQ dependence was investigated Here,1.(Q) andI(Q) are the intensities of the elastic and
at the fixed pressure of 0 and 4.5 kbar [Fig. 1(a)] and thénelastic contributions, respectively,.(Q) is the energy
pressure dependence was measured apthvalues of 1, width of the central line, and(E) is the Bose factor. The
2, 5,8, andll nm~!'. The results ap =2 nm™! are choice of three Lorentzians was made to extract the spec-
reported in Fig. 1(b). In Fig. 1(a) we observe an inelastidroscopic parameters independently from a specific the-
signal with an average energy position that increaseery. The alternative use of a damped harmonic oscillator
with Q. The lines represent the results of a fitting function to model the inelastic signal yields equally good
procedure used to determine the energy positlotQ), fits to our data, and parameters with quantitatively similar
and the width,I'(Q), of these excitations. We modeled Q and P dependences. The model function was fitted to
the line shape with the functio(Q, E) consisting of the data by a standarg® minimization routine after con-
three Lorentzians, respectively, one for the central peakolution with the experimentally determined resolution
and the others for the two side peaks: function.
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At both 0 and 4.5 kbar we find a linear dispersion 4
relation between()(Q) and Q. The valuesQ(Q) and
I'(Q) are reported in the inset of Fig. 1 fér = 4.5 kbar.

The corresponding sound velocity2950 = 100 m/s, a
value 20% smaller than that determined from the pressure
dependence of the bulk modulus [13]. This difference in
the sound velocities indicates the presence of structural
effects inducing a bending of the dispersion relation,

Energy (meV)
(3]

which underestimates the slope of the linear function ~ ok °cxr . .

obtained from the data points in the-2.5 nm™! £ ' ' . '

region. P ¢ 5 o.s-{»\ b) Q=2nm’ o Blsic
The data reported in Fig. 1(b), taken at constent 5 + ©  Inelastic

show a visible pressure dependence: with increasing pres- = 061 ~Lle

sure, there is an increase of both excitation energy and in- % 04 '*‘S:jj ...... :

tensity ratio between the inelastic and elastic signals. The =S .

pressure dependences©@fQ = 2 nm™!', P) andT'(Q = g 02 e -]

2 nm ', P), as derived from the Lorentzian fits shown in & R T 0.0,

Fig. 1(b), are displayed in Fig. 2(a). Whereas the width E 00 + ' ; t + .

of the excitation appears to remain approximately con-
stant, the energy positiof(Q = 2 nm™!, P) increases Pressure (kbar)

with pressure, thus revealing a stiffening of the detecte®IG. 2. (a) Pressure dependences of the excitation energy
vibration with increasing pressure. The rate of change i§2(Q = 2 ﬂm’jiP) (solid circles) and of the excitation FWHM
not constant, and a slope variation is most evident in th(tgor(glz gtgmstié;)l)é?rg?n gll'rhcelefj)zisgglc? I(iar:reosr ggrz ﬁfﬁ?ﬁ:gﬁmd
1-2 kbar region. By mterpc;latlng t.he l.OW and h'g,h pres'extrapolations of its low and high pressure values. The
sure values of(Q = 2 nm', P) with linear functions, dashed line orl" is a guide to the eye. The solid line has
we find a crossover pressufy of 1.6 = 0.2 kbar. The been obtained by scaling the zero frequency sound velocity,
behavior of Q(Q = 2 nm™!, P) cannot be explained by as obtained from BLS data [13], to the excitation energy
the pressure dependence of the density,and of the at P =0: QO =25meV. (b) Pressure dependences of the

. . S elastic,/,(Q = 2 nm™!, P) (closed circles) and inelasti¢Q =
bulk modulus,c,;, as derived from Brillouin light scat- 2 nm~!, P) (open circles) integrated normalized intensities, as

tering (BLS) data [13]. This is emphasized in Fig. 2(a)obtained from the Lorentzian fits shown in Fig. 1(b). The
by the comparison of)(Q = 2 nm™!, P) with the solid dashed lines oti. were obtained as in (a).
line, which has been obtained scaling the I@asound ve-
locity, v;(P) = +/c11/p to the ambient pressure value of
Q, Q2 nm ', P =0kban = 2.5 meV. This compari- induced characteristic feature in the considegedegion.
son shows that the ratio between the two curves is noAt high Q values one sees a smooth intensity variation
constant, with a higher rate of variation for the high fre-with increasing pressure, due to the pressure-induced
guency excitation. shift in the maximum of thes(Q). On the contrary, in
To get further insight into this change of the dynamicsthe 2 nm~! Q range, there is a steep intensity decrease
aroundP,, we studied the pressure dependence of the allbetween the 0 and 1 kbar spectra, followed by a much
solute scattered intensities @ = 2 nm~!. Figure 2(b) less pronounced variation in the 1—4 kbar range. This
displays the integrated intensities of the elastic and inpressure behavior is qualitatively identical to that of
elastic fits reported in Fig. 1(b) as a function of pressurghe Q = 2 nm™! elastic intensity in Fig. 2(b). In order
(integrations were made from17 to 17 meV). This plot to determine this anomalous behavior arouhgl we
shows a marked decrease of the elastic intensity, and @erformed a set of quasielastic scan measurements (from
break at pressure values similar By, as inferred from —5to 5 meV) as a function of pressure. Their integrated
Q(Q =2 nm™', P). Such a break is not detectable in theintensities, together with those obtained from te=
inelastic signal, which is found to decrease with pressur@ nm~!' data, are reported in Fig. 3(b). Both sets of
at a comparatively smaller rate. data were normalized to unity at ambient pressure. We
The peculiar pressure dependence of the elastic pealbserve again a crossover at the presgrethis is best
intensity at@ = 2 nm™! has been further investigated visible in theQ = 2 nm™! data, it can still be observed
by the determination of the static structure factor asup to @ = 5nm~! (not shown for clarity), and it is no
a function of pressure in th€.5-20 nm~! Q region, longer detectable a@ values larger tha® = 8 nm™'.
i.e., from the mesoscopic region up to, and above, the The pronounced break in the pressure dependence of
first maximum. The results, reported in Fig. 3(a), werethe elastic intensity at low? indicates that, aP,, there is
obtained normalizing the measured intensity to that of the modification in PMMA that affects the structure most se-
incident beam. One can see that there is no pressurgerely in the length scale range associated with momentum
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05— Y — scales, could be a more general feature of glassy materials.
= 1.0kbar ol . One may speculate that the observed structural transfor-
2 041 £ e mation is due to a change in the packing scheme of un-
g 0sl i e modified structural entities, which are characterized by a
£ s size comparable thy. This transformation may couple to
; 0.2 Q () the dynamics considering that pressure-induced modifica-
Z tions of a nonhomogeneous glassy nanostructure will have
ﬁ 0.1 the strongest effect on collective excitations at the length
00 2) scale of the inhomogeneities. This could be in agreement

with models relating size effects to the picosecond dynam-
ics [19,20].

In conclusion, the cusps observed in some of the param-
eters describing th&(Q, E) spectra of amorphous PMMA

& at pressures arourith = 1.6 kbar, could be interpreted as

ﬁ 038 o [ ; evidence of arin-glassstructural transition. The analysis

ﬁ f{’ $ LS ¥ @8““‘ reported here indicates that this transformation affects the

S o6 - . S high frequency collective dynamics, and the structure only

é f 5 down to a length scale @£3 nm, i.e., a length scale sensi-

2 o4l b e bly larger than the size of the monomers constituting this
2nm polymer. The investigation of these pressure effects as a

0 1 2 3 4 5 function of temperature in the region aroufid, where

Pressure  (kbar)

the disordered system becomes ergodic, may give further
information on the relation between dynamics and struc-

FIG. 3. (a) Static structure factor§(Q), measured at the

indicated pressures in arbitrary normalized units. The shiffural inhomogeneities at the nanometer scale.

of the peak at=10 nm™' reflects the pressure-induced density We acknowledge L. Melesi, B. Gorges, J.-F. Ribois,

change. The inset emphasizes the absence of any characterisiind D. Gambetti for technical assistance.
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