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Long-range density fluctuations in orthoterphenyl as studied by means
of ultrasmall-angle x-ray scattering
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The structure factor of a fragile glass-forming liquid orthoterphenyl was measured in the previously inac-
cessible intermediateq range between the conventional light scattering~LS! and small-angle x-ray scattering
~SAXS! q ranges using the low-angle scattering beam line at the European Synchrotron Radiation Facility. At
low q the structure factor exhibits an excess scattering and matches well the LS data. This excess scattering is
due to long-range density fluctuations also observed in the isotropic component of scattered light. At highq the
structure factor decays to a plateau corresponding to the isothermal compressibility in agreement with the
conventional SAXS data. In the intermediateq range, the structure factor exhibits a power lawq dependence
which indicates that the excess scattering is due to fractal aggregates of denser domains.

PACS number~s!: 61.10.Eq, 78.35.1c, 64.70.Pf
t
e
i

ro
-
r

d

-
he
o

pi
s
ea
e
ss

li

a
e

s
si
e

B
tio
It
t

s

e

ob-
ght
fore
ight

gle

l to

-

cat-

by

XS

ia-
er
h a
ity

at
ray

ec-
ne-
es
I. INTRODUCTION

Despite extensive experimental and theoretical studies
dynamics and structure of supercooled liquids is not w
understood. One of the important questions in this field
concerned with the problem of spatial and dynamical hete
geneities in such liquids@1,2#. A large number of experimen
tal studies clearly reveal the existence of dynamical hete
geneities. New experimental methods have been applie
this question, including multidimensional NMR@3,4# dielec-
tric hole burning@5#, time resolved optical spectroscopy@6#,
photo bleaching techniques@7#, and forced Rayleigh scatter
ing @8#. In addition, early concepts for the explanation of t
liquid to glass transition are based on the existence of co
eratively rearranging regions~CRR! @9,10# and estimates of a
characteristic length scale yield values of 223 nm nearTg

@10,11#. The same order of magnitude was found by s
diffusion NMR experiments@12#. Structural heterogeneitie
with that length scale have not been detected so far by m
of static x-ray or neutron scattering experiments. Howev
detailed wide angle x-ray scattering studies of two gla
forming organic liquids ~salol and propylene carbonate!
@13,14# revealed temperature-dependent changes of the
uid structure factor in the range ofq'0.7 to 1.7 Å21, which
means in the neighborhood of the main liquid peak
;1.3 Å21. These observations support the model of h
erophase fluctuations in glass-forming liquids@15–17#,
which has been proposed in order to explain the result
static and dynamic light scattering described below. Den
fluctuations in glass-forming liquids and polymers have be
observed several years ago@16,18–21# on a much longer
length scale than the estimated range of the CRR’s.
means of static light scattering measurements correla
lengths of the order of 100–300 nm have been detected.
important to note that this long-range fluctuation gives rise
an ‘‘ultraslow’’ hydrodynamic mode with relaxation rate
Gus proportional toq2 (q is the scattering wave vector! and
with values about 106 to 109 times smaller than those of th
PRE 611063-651X/2000/61~6!/6909~5!/$15.00
he
ll
s
-

o-
to

p-

n

ns
r,
-

q-

t
t-

of
ty
n

y
n
is
o

primary a-relaxation process. These features can be
served only in the isotropic component of the scattered li
and are not present in the depolarized component. There
they have been assigned to density fluctuations. The l
scattering experiments were carried out in theq range be-
tween 731023 to 431022 nm21. In addition, the density
fluctuations were measured by conventional small-an
x-ray scattering ~SAXS! covering a q range q.2
31021 nm21. In the case of orthoterphenyl~OTP! a
q-independent intensity was observed up toq'2 nm21.
The absolute intensity value was found to be proportiona
the isothermal compressibilitybT ~see Fig. 6 in Ref.@16#!, as
is expected for the static structure factorS(q) of a liquid in
the limit q→0 @22#. The light scattering intensity in the tem
perature range betweenTg,T,Tg1about 100 K is, how-
ever, much higher than expected. Such an excess light s
tering intensityI exc(q) was found for many glass-forming
liquids and polymers@16,18–21#. Now the important ques-
tions arise whether the excess intensity is also observed
x-ray scattering in aq rangeq,231021 nm21, and what is
the q dependence of the static x-ray structure factorS(q)
within the gap between the former light scattering and SA
measurements. This intermediateq range between 231022

and 231021 nm21 @ultrasmall-angle x-ray scattering~US-
AXS!# is now available at the European Synchrotron Rad
tion Facility ~ESRF!, Grenoble, France. The present pap
reports the results obtained for OTP and concludes wit
qualitative discussion of the origin of the long-range dens
fluctuations.

II. EXPERIMENTAL SETUP

The measurements were performed on beamline ID2
the ESRF. The beamline is designed for small-angle x-
scattering and is described in detail in@23#. The beamline
was operated with a wavelengthl51 Å. A two-
dimensional gas-filled detector was used. A flat-field corr
tion was applied to the data to correct for any inhomoge
ities in detection efficiency. The scattering intensiti
6909 ©2000 The American Physical Society
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6910 PRE 61A. PATKOWSKI et al.
measured were approximately converted to an absolute s
by comparison with a Lupolen standard sample and w
normalized with respect to the illuminated sample areaA,
resulting in a dimensionless scattering cross sectionI A(q),

I A~q!5
1

A

ds

dV
. ~1!

The distance sample to detector was set to 10 m. In
configuration the resolution of the setup results in a smal
observable scattering vectorqmin50.03 nm21, about one
order of magnitude lower than what is usually achieved w
a setup mounted to a conventional x-ray tube. For meas
ments on weakly scattering samples as they are repo
here, in addition the background scattering has to be redu
to a level weaker than the signal under investigation. For
reason a cross-shaped vacuum tube connection betwee
evacuated flight paths in front of and behind the sample
inserted. Samples are inserted from the top and conne
through a flexible vacuum bellow at the bottom to a trans
tion stage operating in thex andz direction. With this setup
the necessary number of windows is reduced to two, hold
the liquid sample in its place. Thin mica sheets (d520
230 m m) were used as windows, since this material exh
its very little scattering in theq range under investigation
Apart from the window the other main source of backgrou
scattering is the collimating slits themselves. Their contrib
tion was reduced to a minimal level by careful alignme
The remaining slit scattering is strongly confined to the v
tical and horizontal direction, according to the slit positio
and is small along the diagonals of the detector area. Th
fore, for the analysis only the data points collected in a se
covering69° around the detector diagonals were used. T
use of a two-dimensional detector yet has another advant
Occasionally local damage on the window could be obser
giving rise to a stronger, anisotropic scattering pattern.
measurements were checked for the absence of any such
tern and otherwise disregarded. In that way the comp
background scattering could be reduced to a level be
I A(q)'0.5, even at the lowestq values. Figure 1 shows th
scattering due to slit scattering and the added contribut

FIG. 1. Scattering due to slit scattering,n, and the added con
tributions of slit scattering and scattering by mica windows,h.
Note: intensities are in logarithmic scale; units are the same a
Fig. 2.
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of slit scattering and scattering by a set of mica window
With the short wavelength ofl51 Å a sample of 10 mm
thickness could be used, which again improves the signa
background ratio compared to a setup using a conventio
copper x-ray tube. The transmission of the sample was 3

III. SAMPLES

Orthoterphenyl was purchased from FLUKA and purifi
by distillation. The sample holder consisted of a piece
stainless steel with a hole of 6 mm diameter, covered on b
sides by a thin mica sheet and sealed with an O ring. It w
filled at 80°C, which is above the melting temperature (Tm
556°C) of orthoterphenyl, and subsequently cooled to ro
temperature. Under these conditions crystallization is usu
avoided. Occasionally crystallization, caused by hetero
neous nucleation occurred. If so, this could be easily
served, since a polycrystalline sample scatters light stron
giving rise to a white color. Also the small-angle x-ray sca
tering signal rises by about three orders of magnitude. O
crystallization sets in the sample is fully crystallized with
some 10 min. The data presented here are taken from su
cooled samples with no sign of crystallization present. Lig
scattering experiments were taken with an ALV~Langen,
Germany! goniometer and an argon-ion laser withl
5514 nm. The scattering intensity was calibrated again
toluene standard sample.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows the scattering caused by the long-ra
density fluctuations in comparison to the background scat
ing and demonstrates that the background has been red
sufficiently to render the long-range density fluctuations v
ible. In the entireq range the background is at least by
factor of 10 weaker than the signal under investigation. Si
the scattering from one set of mica windows to the n
varies to some extent a background subtraction was not
formed. Figure 3 shows the USAXS data in a double log
rithmic representation together with the isotropic part of t
scattering cross section as measured in a light scattering
periment. The x-ray data taken fill the gap between conv
tional small-angle x-ray scattering and light scattering e

in

FIG. 2. Scattering due to long-range density fluctuations,3, at
a temperature of 293 K in comparison to the background contr
tion, h.
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periments. Indeed the scattering signals observed with
two techniques are comparable. In order to compare the l
scattering data with the scattered intensity of the USA
experiment we introduce the static structure factor relate
the Fourier transformed density fluctuationdr(q) of a one-
component liquid by

S~q!5
1

N
^dr~q!dr~2q!&, ~2!

whereN is the number of molecules in the scattering volum
V. In static light scattering experiments~LS! the Rayleigh
ratio R(q) ~in cm21) is used which is defined by

R~q!5
I s~q!

I 0

d2

V
, ~3!

whered is the distance to the detector, andI S(q) and I 0 are
the scattered and incident intensities, respectively. There
simple relation betweenR(q) andS(q),

R~q!5r
ds

dV
S~q!, ~4!

where r is the mean number density of molecules, a
ds/dV is the scattering cross section per molecule~in cm2).
Light scattering theory@24# yields

ds

dV
5

4p2n2

l4 S ]n

]r D 2

, ~5!

wherel is the wavelength of the incident beam andn is the
mean refractive index. In the case of x-ray scattering in
small-angle range, where the structure factor of the m
ecules isF(q)'Zm , one obtains for the scattering cross se
tion per molecule,

ds

dV
5r e

2Zm
2 , ~6!

whereZm is the number of electrons in the molecule.r e is
the classical radius of the electron equal to 2.8

FIG. 3. USAXS scattering,3, due to long-range density fluc
tuations on double logarithmic scale together with light scatter
data,s, both measured at a temperature of 293 K. In the interm
diateq rangeS(q) follows a power law.
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310213 cm. As it follows from statistical fluctuation theor
@22# for a one-component liquid without long-range dens
fluctuations the limit ofS(q) for q→0 is given by

^dN2&
N

5 lim
q→0

S~q!5rkBTbT~T![S0~T!, ~7!

where bT is the isothermal compressibility. In such cas
where noq dependence of the scattered intensity is observ
the Rayleigh ratio of the scattered light is given by

R0~T!5
4p2n2

l4
rS ]n

]r D 2

S0~T!. ~8!

Accordingly, for x-ray scattering we have

R0~T!5r e
2Zm

2 rS0~T!. ~9!

As was already mentioned, the SAXS intensities of OTP
the conventionalq range (0.2 nm21,q,2 nm21) were
found to be in good agreement with Eq.~9!. Figure 4 shows
the scattered intensities in thisq range for OTP measure
with a Kratky Compact camera@25#. The primary beam in-
tensities were determined in absolute units by means of
moving slit method@26#. For room temperatureS0 ~293 K!
was determined to be 5.631023 corresponding to an isother
mal compressibility ofbT'5.331024 MPa21, in a good
agreement with the literature data@27#. In contrast, the light
scattering intensity forq,231022 nm21 was much higher
than expected from Eq.~8!. In Figs. 2 and 3 it is shown tha
this strong excess intensity is also observed by ultrasm
angle x-ray scattering.

Since the absolute values of the scattered x-ray intens
in the USAXS measurements are not very well defined,
experimental reasons we adjusted the tail (q.0.4 nm21) of
the scattering curve by the values ofS0(T) obtained from
conventional SAXS measurements of OTP; see Fig. 4.
moving slit method yields more reliable absolute values th
the Lupolen standard used for the USAXS measureme
~For adjustment the original USAXS values had to be shif
for 0.34 in the logarithmic scale.!

The USAXS scattering curve obtained from the adjus
I A(q) values matches well the structure factorS(q) from the
light scattering data in the overlappingq range; see Fig. 3

g
-

FIG. 4. Scattered intensities~in electron units/nm3! of OTP mea-
sured by the Kratky Compact camera for different temperatu
@25#.
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6912 PRE 61A. PATKOWSKI et al.
The structure factorS(q) for the light scattering measure
ment was calculated from the measured Rayleigh ratio
cording to Eq.~4!. The scattering cross section per molecu
was determined by measurements ofn(T) and r(T) and
amounts for room temperature tods/dV54.33
310225 cm2 using Eq.~5!. As is shown in Fig. 3 theS(q)
values atq,0.2 nm21 for both light and x-ray scattering
deviate significantly from theS0 value expected for a simpl
liquid according to Eq.~7!. The excess intensity is more tha
two orders of magnitude higher than the contribution fro
the isothermal compressibilitly. It must be caused by lon
range density fluctuations. For x-ray scattering this conc
sion is quite obvious, in the case of light scattering it
established by the fact that the depolarized scattered inte
in VH geometry does not show excess scattering.

In the intermediateq range between SAXS and LS th
structure factorS(q) follows a power law with a power clos
to 22. A best fit is obtained with a power of22.2; see Fig.
3. This shows that the excess scattering signal is not ca
by large objects of different density with a sharp interfa
which would lead to the well known Porod behavior,I (q)
}q24 for qR..1. HereR is a typical value for the size o
the objects. Although formally a power law scattering c
also be explained by single particle scattering assumin
broad, power law size distribution, we interpret the obser
excess scattering as an indication for a structure factor
flecting the correlated fractal arrangement of regions
higher density. The correlation extends up to a certain len
scalej, which can be estimated from theq dependence of the
light scattering data. For smallq they can be analyzed in
terms of an Ornstein-Zernike approximation,

I ~q!5
I 0

11q2j2
. ~10!

Figure 5 shows the light scattering data in a representa
linearizing expression~10!. The resulting lengthj is 86 nm,
which can be regarded as an estimation of the correla
length even if theq exponent is22.2 instead of22.

FIG. 5. Estimation of correlation length from light scatterin
data.
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The main objective of the present paper is the observa
of the strongq dependence ofS(q) in the USAXS range in
quantitative agreement with the light scattering data. A w
developed theory for an explanation of the long-range d
sity fluctuation is still missing. At present it is believed th
those fluctuations are caused by the coexistance of l
structures with energetically preferred configuratio
~‘‘glassy clusters’’! on one hand and ‘‘fluidlike’’ regions on
the other hand@15,16#. The different dynamic states coup
to the density fluctuations. During annealing at temperatu
aboveTg the glassy clusters aggregate and form exten
secondary clusters with a fractal structure. In previous
studies@16,18–21,28# it has been shown that the excess
tensity I (q) and the correlation lengthj depend strongly on
the thermal history with characteristic equilibration tim
much longer than thea-process relation time. It may b
mentioned that some recent results of molecular dynam
simulations qualitatively support the scenario describ
above. For Lennard-Jones liquids it has been shown that
tial correlations between the displacements of molecules
come increasingly long ranged if the mode-coupling te
perature Tc is approached@29#. Other simulations of
monoatomic liquids revealed the growth and aggregation
clusters with icosahedral topology@30#. The number of
icosahedral clusters increases with decreasing tempera
In recent simulation studies@31# of monoatomic systems th
existence of two amorphous states was clearly shown.
average potential energies per atom differ for about 7
where the energy of the more densely packed phase is a
1–2% higher than in the bcc crystalline state.

V. CONCLUSIONS

The structure factor of a fragile glass-forming liqui
OTP, has been measured in a previously inaccessibleq range
between the conventional LS and SAXSq ranges using the
low-angle beamline at ESRF. At lowq ~overlapping with the
LS q range! this structure factor exhibits an excess scatter
consistent with the LS data. At highq ~overlapping with the
SAXS Kratky cameraq range! this structure factor decays t
a plateau defined by the isothermal compressibility, in agr
ment with the previous SAXS studies@16#. Thus the long-
range density fluctuation in glass-forming liquids can be o
served both in the isotropic component of scattered light
in the USAXS, provided the properq range is covered. The
power law q dependence of the scattered intensity in t
intermediateq range indicates that the excess scattering
not due to large bulky dense regions but to fractal aggreg
of denser domains.
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