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Incoherent neutron-backscattering and field gradient NMR are combined to measure the self-correlation
function of protons in glycerol. Extensive simulations reveal and delimit systematic effects of multiple scat-
tering. At microscopic wave numbers, tagged-particle motion couples strongly to structural relaxation. Be-
tween 1 and 0.1 Å21 a crossover to diffusional motion is observed: quasielastic stretching diminishes and the
wave-number dependence of the mean relaxation time approachesq22. @S1063-651X~96!04811-8#

PACS number~s!: 64.70.Pf, 66.10.2x, 61.12.2q, 76.60.Lz

I. INTRODUCTION

The motion of a tagged particle in a dense liquid is easily
understood in the two limiting cases of large or small wave
numbers@1#. For very largeq, one expects to see the thermal
motion of a free particle. In the limitq→0, on the other
hand, the particle motion can be described as Brownian dif-
fusion, leading to an exponential decay of time correlations
@2,3#. In the intermediate range whereq21 is of the order of
interparticle distances, no universal law can be given. Until
now, only in a small number of simple liquids has the full
crossing over from the free particle to the diffusion limit
been experimentally covered and theoretically understood
@3–5#.

In the present paper, we investigate tagged-particle mo-
tion in a supercooled, glass forming liquid. We juxtapose
NMR field gradient echo measurements and quasielastic in-
coherent neutron scattering~INS!, which allows us to cover
an asymptotically small and an intermediate range inq. In a
hydrogen-rich sample, both techniques can be employed to
observe essentially the same self-correlation function
S(q,t) of protons.

As a model system we choose glycerol@C3H5~OH!3,
Tg5185 K, Tm5291 K#. With its ability to form multiple
hydrogen bonds, glycerol is representative for systems with a
weak network structure. Its glass transition dynamics has al-
ready been studied by an impressive variety of experimental
methods @6#. Recent light- and neutron-scattering experi-
ments on glycerol@7–9# have shown that atomic correlation
functions decay essentially in two steps, associated with vi-
brations and structurala relaxation, respectively; the inter-
mediate step of fastb relaxation, predicted by mode-
coupling theory@10# and observed in a number of fragile
liquids @11,12# is quite weak in glycerol. This allows us to
study the coupling between one-particle motion and struc-
tural relaxation on microscopic time scales down to a few
picoseconds without a need to consider faster processes in
our analysis.

II. MEASURING SELF-CORRELATIONS

The self-correlation of protons in a viscous medium can
be measured with NMR stimulated echo in a static magnetic-

field gradient @13#. Using a ~p/2!2t2~p/2!2t2~p/2!2t
echo three-pulse sequence~with evolution timet and diffu-
sion timet@t) the echo height is proportional to the inter-
mediate self-correlation function

Fq~ t !5
1

N(
j

^eiq•Rj ~0!e2 iq•Rj ~ t !&, ~1!

with the generalized scattering vectorq5tgg ~gyromagnetic
ratio g, magnetic-field gradientg). Measurements were per-
formed on a homemade spectrometer at Mainz University. In
favorable cases@14# wave numbers up to 1022 Å 21 can be
reached, using ultrahigh static field gradients of up to 200 T/
m. In the present study field gradients between 44 and
71 T/m and evolution timet between 20 and 610ms gave
access to wave numbers between 2.3531025 and
1.8231023 Å 21.

In contrast to NMR, neutron scattering cannot selectively
observe a single isotope within a chemically complex
sample. Nevertheless, in the case of hydrogen-rich organic
matter, the total cross section is largely dominated by inco-
herent scattering from the H nuclei. In order to concentrate
on the motion of the molecule’s main chain and for consis-
tency with earlier measurements on glycerol@7,8#, protons in
the OH groups were exchanged against deuterons. Even so,
scattering from C3H5(OD)3 is about 90% incoherent. The
NMR experiment was performed on ordinary glycerol
C3H5(OH)3. Since intramolecular modes of glycerol are in-
visible in the time and wave-number range of field gradient
NMR, we still can equate the self-correlations measured by
both methods. Deuterating the OH groups has also a direct
impact on the molecule’s mobility, but from viscosity mea-
surements the isotope effect is known not to exceed 10%
@15#, so that it will have no consequences for the conclusions
reached in this work.

Neutron scattering experiments were performed on the
backscattering spectrometer IN10 at the Institut Laue-
Langevin. Different configurations of the instrument were
used to cover wave numbers between 0.11 and 3.7 Å21, but
outside the range 0.19–1.9 Å21 count rates were too low
and the resolution function too fuzzy to allow for a quanti-
tative data analysis. The temperature range 254–413 K was
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the same as in the NMR experiment. Raw data were cor-
rected for background scattering and normalized to the elas-
tic intensity measured below the glass transition. Some spec-
tra are shown in Fig. 1. After Fourier transformation and
deconvolution of the instrumental resolution function, one
obtains the intermediate scattering law~1!.

III. SCALING ANALYSIS

The free spectral range of a neutron-backscattering spec-
trometer hardly ever permits one to determine from a single
measurement the line shape of a complex relaxational pro-
cess. Much more can be learned from the experimental data
if it is possible to condense them by some kind of scaling
procedure.

We shall analyze the self-correlation measured by NMR
and INS in close analogy to the case of coherent neutron
scattering~CNS!. Coherent scattering from structural relax-
ation has been studied in a recent spin-echo experiment@16#
on perdeuterated glycerol around the structure factor maxi-
mum (q51.4460.13 Å21). We found that the intermediate
scattering functionFq

coh(t) could be written in the scaling
form

Fq~ t !5 f q~T!Fq„t/t~T!…, ~2!

where the characteristic timet follows over more than three
decades the temperature dependence of viscosity,

t}h~T!/T, ~3!

the line shape ofFq( t̃ ) varies only weakly with temperature,
and the master curve could be fitted over four decades in
reduced timet̃ by the stretched exponential of Kohlrausch,

Fq~ t̃ !5exp@2~ t̃/ t̃q!
bq#. ~4!

The exponentbq
coh.0.7 was found to depend not or only

weakly on temperature. Similar scaling properties had been

found in previous studies of other viscous liquids@17–19#.
While the precision of our spin-echo data allowed us to cor-
rect for the temperature dependence of the Debye-Waller
factor, in the present INS analysis this weak effect is ne-
glected, takingf q(T) as usual to beT independent. In the
q range of NMR, one has anyhowf q(T)51.

Master curves are obtained by superimposing theFq( t̃ )
as a function of reduced timet̃5t/@t(T)/t(T0)#, taken from
published viscosity measurements@20#; absolute units were
set by arbitrarily choosingT05300 K. For neighboring tem-
peratures, the data do satisfactorily coincide. A majority of
so obtained master curves is shown in Fig. 2.

As expected for ordinary diffusion, the NMR data follow
an exponential law

Fq~ t̃ !5exp~2 t̃ / t̃q!. ~5!

For q*0.5 Å21, on the other hand, the INS data are well
described by the Kohlrausch function~4!, as expected for
any microscopic correlator that couples strongly to structural
relaxations. Somewhere between 231023 Å 21 and 0.5
Å 21, the self-correlation function must cross over from dif-
fusionlike to relaxationlike behavior. As we will see, there
are some indications that this crossing over falls at least
partly in the wave-number range 0.2–0.5 Å21 covered by
our INS experiment.

In Fig. 3, the neutron-scattering data are analyzed in more
detail. We first determined an estimate of the mean relax-
ation time

^tq&5E
0

`

dtFq~ t !5b21G~b21!tq ~6!

and then restricted subsequent fits to the time range
t.^tq&/100. Forq.0.5Å21 one verifies again that within
statistical accuracy the master curves are correctly described
by ~4!. For q51.2–1.9 Å21, a stretching exponent
b50.6160.01 is found and forq50.87 Å21 a lower value

FIG. 1. Incoherent neutron-scattering lawS(q,v) of glycerol
C3H5(OD)3 at q50.50 Å21. The measurement at 220 K yields the
instrumental resolution function. The quasielastic scattering in the
viscous liquid is fitted with the Kohlrausch function with a fixed
exponentb50.60. Hitherto, logarithmic intensity scales have sel-
dom been employed in the presentation of neutron-backscattering
data.

FIG. 2. Self-correlation functionFq( t̃ ), deduced from incoher-
ent neutron scattering~INS! and field gradient NMR measurements,
as a function of reduced timet̃5t@h(T0)/T0#/@h(T)/T# with arbi-
trary normalizationT05300 K. The master curves are combined
from measurements between 270 and 413 K. NMR data are fitted
with an exponential law, large-angle INS data with a Kohlrausch
function. The INS data are shown in more detail in Fig. 3.
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of 0.54. For q&0.3 Å21, on the other hand, the master
curves can be fitted by a Kohlrausch function only if short-
time data are systematically excluded, and the stretching ex-
ponentbq depends considerably on the modalities of fitting,
while for q.0.5 Å21 its value is quite stable. With this
reservation in mind, we note that the relaxational stretching
diminishes strongly with decreasing wave number, approach-
ing almost single exponential decay forq50.19 Å21.

In Fig. 4, the mean relaxation timêtq& is plotted as a
function of the wave numberq. As expected for normal dif-
fusion, the NMR data obey

^tq&5D21q22. ~7!

One may anticipate that this power law continues to hold in
the experimental wave-number gap above 231023 Å 21. In
fact, if ~7! is extrapolated over more than two decades in
q, up to about 0.2 or 0.3 Å21, it merges, within a factor 2,
with the relaxation times measured by neutron scattering.
Towards larger wave numbers, however, the extrapolation
cannot be continued: within the INS data range, theq depen-
dence of̂ tq& is clearly steeper thanq

22.
So both the time dependence of the master curvesFq( t̃)

and the wave-number dependence of the mean relaxation
time ^tq& indicate that up to at least 0.1 Å

21 self-diffusion is
correctly described by the hydrodynamic limit and that the
crossover to stretched exponential relaxation is observed
within the experimental window of INS.

Any such interpretation, however, has to rely critically on
neutrons scattered with rather small wave-number transfers.
In previous experiments on amorphous samples@8,21# we
have systematically discarded all small-angle data because,
as is well known, inelastic scattering at small angles is most
severely affected by multiple scattering. Therefore, we first

have to clarify to what extent our results might be artifacts
due to the use of a relatively thick sample~about 20% scat-
tering!.

IV. MULTIPLE SCATTERING

In order to estimate possible influences of multiple scat-
tering we performed an extensive model calculation. The
scattering experiment was simulated with a Monte Carlo pro-
gram based onMSCAT by Bishop and Copley@22#. For the
backscattering situation in which energy transfers are much
smaller than the incoming neutron energy, central parts of
the algorithm had to be rewritten.

Any multiple-scattering simulation requires input of the
ideal scattering lawS!(q,v) over an extendedqv range.
Since there is no closed theoretical expression forS!(q,v)
of glycerol, we had to use an idealized model. In order to
keep our model as simple as possible, we concentrated on
structural relaxation, neglecting any faster process that can-
not be resolved on IN10. We contructedS!(q,v) by numeri-
cal Fourier transform of a Kohlrausch curve with an invari-
ant stretching exponentb50.55. Relaxation times were
assumed to scale over the full wave-number range astq
}q2; the absolute time scale was varied over four decades,
corresponding to nine different temperatures. One more tem-
perature was needed to generate the resolution function.

FIG. 3. INS master curves as in Fig. 2, for wave numbers
q50.19, 0.29, 0.50, 0.87, 1.2, 1.6, and 1.9 Å21. For small wave
numbers and short reduced times the data are severely affected by
multiple scattering; in particular the amplitudes do not show theq
dependence expected for a harmonic Debye-Waller factor. Data
points with t,^tq&/100, plotted as open symbols, are therefore ex-
cluded from the quantitative analysis. Solid lines are Kohlrausch fits
for t.^tq&/100. The inset shows the stretching exponent as a func-
tion of q; compare the discussion in the text.

FIG. 4. Mean relaxation timêtq& as a function ofq. The solid
line is a fit t5D21q22 to the NMR data. In the bottom plot, the
INS data are enlarged and the relaxation time measured by coherent
neutron scattering~CNS! at the structure factor maximum is shown
for comparison. The broken line is a fit to the INS data with a
power lawq22/b (b50.61), as suggested by recent work on poly-
mers; the solid line is exactly the same as in the top plot.
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Sample geometry and energy mesh were adopted from the
IN10 setup.

Simulated spectra were then analyzed along the same
lines as our experimental data. Figure 5 shows the Fourier
deconvoluted, rescaledFq( t̃ ) for a 5% and a 20% scatterer,
for the smallest and the highest wave number used on IN10.
In all cases the data fall onto master curves, slight deviations
appearing only at the lowest temperature, corresponding to
times t&^tq&/100. All curves are well fitted by the Kohl-
rausch function ~4!. The stretching exponent, however,
shows more or less pronounced deviations from the input
value 0.55 and a strong wave number dependence: For large
q.1 Å21 the deviation from the inputb is in no case larger
than 0.05, while there is an extended minimum at smaller
scattering angles, aroundq50.2 Å21, wherebq drops to
0.48 for the 5% and to 0.41 for the 20% scatterer. For even
smaller wave numbersbq increases again.

Qualitatively, these findings can be explained as follows.
For an isotropic scatterer, more than 85% of all scattering
processes involve angles 2u.45°, corresponding to wave
numbersq.0.74 Å21. For scattering angles between 45°
and 180°,q varies by less than a factor 3. Thus multiple
scattering is dominated by an almost isotropic contribution
from large-angle scattering processes. At large wave num-
bers, these processes corrupt absolute intensities but do not
change spectral line shapes very much. At smaller wave
numbers, on the other hand, the scattering law responsible
for single scattering is quite different from the isotropic
background, so that even a comparatively small contribution
of 5% double scattering can considerably increase the
stretching of the quasielastic spectrum. Finally, at very small
wave numbersq!0.2 Å21 and low temperatures, the line-
width of S!(q,v) is much smaller than the instrumental
resolution. The quasielastic spectrum is then given by the
multiple-scattering contribution alone. This explains also the
paradoxical result that forq&0.15 Å21, the thick sample
shows less stretching than the thin one. Note that these ef-
fects are the inevitable consequence of the strong wave-
number dependence ofS* (q,v) and that not even the use of
a rather thin sample can prevent a considerable systematic
error in the determination ofb.

In contrast to the spectral line shape, the mean relaxation
time ^tq& is only weakly affected by multiple scattering.
Even for the 20% scatterer, it follows over the full wave-
number range thetq}q

2 law; input values and fit results
coincide within 10%. Again, a simple qualitative explanation
can be given: The mean relaxation time, given by the integral
~6!, depends ultimately on the value of the scattering law at
v50,

^tq&5S~q,v50!/ f q~T!. ~8!

In our model,S(q,v→0) is sharply peaked for smallq, so
that the flatter background from large-angle multiple scatter-
ing does not influence the value of^tq&. Therefore, even if
spectral line shapes are severely damaged by multiple scat-
tering, quasielastic scattering experiments do still permit a
reliable determination of the mean relaxation time^tq&.

V. DISCUSSION

After delimiting the effects of multiple scattering we can
now proceed with a critical discussion of our data. We con-
sider first the line shapes of the master curvesFq( t̃ ). For
q>1 Å21, the Kohlrausch fits yielded a rather constant
stretching exponentb50.6160.01 ~Fig. 3, inset!. Our
Monte Carlo simulation suggests that this comes close to the
real value, which may be some 0.01 higher. For intermediate
wave numbersq50.87 and 0.50 Å21 the fitted exponentb
drops by more than 0.1. This wave-number dependence cor-
responds exactly to what we have seen in the simulation and
can safely be attributed to multiple scattering.

Turning now to small wave numbers, two anomalies are
observed: The full master curves cannot be described by
Kohlrausch functions and if the fit is restricted to times
t.^tq&/100 the resulting exponentbq tends towards 1. To
understand this behavior we go back to the original spectra
measured in the energy domain. In Fig. 6~a! typical low-
temperature data are shown: While structural relaxation is
well resolved atq51.4 Å21, it cannot be observed at 0.19
Å 21. The broad wings of the measured spectrum can be
fully ascribed to large-angle multiple scattering. Conse-
quently, all small-angle, low-temperature data are systemati-
cally discarded from our quantitative analysis by restricting
the fits to sufficiently long reduced times.

In Fig. 6~b! the opposite limit is shown: At high tempera-
tures, the quasielastic broadening is well resolved at
q50.19 Å21, while at 1.4 Å21 it is so strong that within the
given energy range of IN10 it appears only as a flat back-
ground. In such a situation, multiple scattering can only
somewhat lower the effective stretching exponent; it cannot
account forb rising above the value measured at large

FIG. 5. Simulation of quasielastic incoherent neutron scattering
for a 5% scatterer~full symbols! and a 20% scatterer~open sym-
bols! under IN10 conditions. The master curves were obtained
along the same lines as the experimental curves in Figs. 2 and 3;
data points witht,^tq&/1000 are not shown. Solid lines are Kohl-
rausch fits; the insets show stretching exponents and mean relax-
ation times. The relaxation times follow within 10% theq22 behav-
ior chosen on input, whereas the stretching exponent is severely
affected by multiple scattering. Itsq dependence can be understood
from the simple considerations outlined in Sec. IV. The amount by
which bq falls below the input value 0.55 can be reduced by about
one-third if the fits are restricted tot.^tq&/100.
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angles. Experimental artifacts cannot explain the observed
variation ofFq( t̃).

At this point, however, we must recall that master curves
at different values ofq are derived from sets of spectra mea-
sured over different temperature ranges. There is no way to
know a priori whether a change in the shape ofFq( t̃) is due
to decreasingq or to increasingT. Experimentally, this dif-
ficulty could only be overcome if it were possible to signifi-
cantly ameliorate the energy resolution of quasielastic small-
angle scattering.

At present, we must rely on an analogy: In our CNS study
of glycerol @16# we found that the Kohlrausch exponent de-
pends only weakly on temperature increasing by not more
and probably much less than 0.15 over the same temperature
interval 270–413 K covered in the present INS work. This
suggests that also the INS relaxation curves depend only
weakly on temperature, and that at a given temperature the
line shapes do indeed cross over from stretched exponential
to single exponential behavior.

Stronger conclusions can be drawn on behalf of the wave-
number dependence of^tq&. From our simulation as well as
from the analytic argument based on Eq.~8! we know that
multiple scattering has negligible influence upon the experi-
mental determination of̂tq&. Also a large uncertainty in the
stretching exponentbq only weakly affects the fitted value of
^tq&. The only assumption that seriously enters our determi-
nation of ^tq(300 K)& is the viscosity scaling~3!. This as-
sumption can be justified by fits to our NMR data: Down to
at least 260 K we find

D215q2^tq&}h/T ~9!

within the precision of available viscosity data@20#.
So we can conclude that up to wave numbers of about 0.2

or 0.3 Å21 the relaxation time does indeed follow the hydro-

dynamicq22 law ~7!, while for largerq it decreases defi-
nitely stronger than that. A similar deviation from diffusional
wave-number dependence has been observed in a number of
other glass formers@18,23#, and it has been suggested that
the relaxation time follows a power laŵtq&}q

n with an
exponent related to the Kohlrausch parameter through
n522/b. A fit to our INS data shows that such a power law
holds in glycerol at best in quite a small transitory region.
Our results rather suggest that once^tq& deviates from
q22, its furtherq dependence cannot be parametrized by just
one overall exponentb.

So both the line shape of the self-correlation master curve
and the mean relaxation time indicate that tagged-particle
motion resembles Brownian diffusion down to a crossover
wave number of the order of 0.2 Å21, where coupling to
structural relaxation sets in. Physically, such a behaviour is
quite plausible. While normal diffusion leads to an exponen-
tial decay of correlations~5! a stretched exponential function
reveals memory effects. In contrast to a Brownian particle
that performs an uncorrelated random walk, the motion of a
tagged particle in a dense liquid depends on its history.
When a particle is trapped in a given surrounding, each step
out of the cage will be followed by an increased probability
that the next step is in the backward direction. The typical
time it takes to escape from a local cage may be roughly
estimated from the mean relaxation time^tq& at about the
structure factor maximum. It seems then reasonable that after
some ten escapes the particle has lost any memory of its
initial position and that for longer times its motion resembles
ordinary diffusion.

While normal diffusion implies aq22 dependence of
^tq&, no generic predictions can be made for correlated mo-
tion. This view is also taken by mode-coupling theory: Inte-
grating the long-time limit of the equation of motion@24#, we
find

^tq&5Dq
21f q

21q22, ~10!

wheref q is the amplitude of structural relaxation andDq is a
q-dependent generalization of the diffusion constant. For the
special case of a hard-sphere system, the product
Dq

21f q
21 was found to be constant up to wave numbers

above the structure factor maximum@24#. It cannot be ex-
pected that the same cancellation in theq dependence off q
andDq occurs also in more complex liquids, the structure of
which cannot be modeled by hard spheres. So mode-
coupling theory makes it plausible that^tq& deviates from
q22 as soon as one approaches microscopic length scales
where f q andDq begin to vary withq.

VI. CONCLUSION

To summarize, we have combined incoherent neutron
scattering and field gradient NMR measurements to yield the
self-correlation function of a viscous liquid for microscopic
and mesoscopic wave numbers. The broadq range allowed
us to distinguish two limiting regions: For small wave num-
bers, one observes ordinary Brownian diffusion; for wave
numbers around the structure factor maximum, tagged-
particle motion is strongly coupled to the collective process
of structural relaxation.

FIG. 6. Incoherent neutron-scattering lawS(q,v) at
q50.19 (d) and 1.4 Å21 (s). The solid line shows the resolu-
tion function, measured at 0.19 Å21 and rescaled to the peak of the
quasielastic scan.~a! At 331 K and 0.19 Å21, structural relaxation
cannot be resolved. The effective broadening in the wings is en-
tirely due to multiple large-angle scattering.~b! At 413 K, on the
other hand, large-angle scattering is so greatly broadened that it
appears within the energy window of IN10 as a flat background.
Structural relaxation can be well resolved at 0.19 Å21: Small-angle,
high-temperature data are not seriously damaged by multiple scat-
tering.

5368 54WUTTKE, CHANG, RANDL, FUJARA, AND PETRY



An extensive multiple-scattering simulation was per-
formed to find out how far the quasielastic spectra can be
trusted, particularly at small wave numbers. In a master
curve analysis, we could discern clear signs of a crossover
between relaxationlike and diffusionlike motion: Atq&0.3
Å 21, the self-correlation function shows typical relaxational
stretching at short times, while for long times its decay be-
comes exponential. At about the same wave number, mean
relaxation times begin to deviate from the hydrodynamic
q22 behavior. For largerq, the wave-number dependence
seems to be nongeneric.

A simple interpretation can be given if particle trajectories
are considered: The characteristic time of structural rear-

rangements can be taken from coherent scattering at the
structure factor maximum. It is then plausible that a tagged
particle conserves a strong memory of several rearrangement
steps, whereas for longer times it performs an uncorrelated
random walk.
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