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Structural relaxation in a viscous liquid studied by quasielastic nuclear forward scattering
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Quasielastic nuclear forward scatteri@NFS of synchrotron radiation is employed as a probe of slow
glass dynamics, in particular for the determination of the stretching paragétethe Kohlrausch-Williams-
Watts relaxation function. The influence of this type of relaxation on multiple scattering is investigated in
detail, and experimental results on the dynamics of the molecular glass former ferrocene/dibutylphthalate in the
undercooled viscous state are presented. We observe a temperature independent stretching parameter of
0.47(2). Fitting the high temperature breakdown of the Lambsslmauer factor with a square root dependence
we obtain a mode-coupling critical temperatureTgf= 202 K.
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I. INTRODUCTION hood (homogeneous pictur® which leads to an inherently
nonexponential relaxation of each individual unit.

Since the first publications on mode coupling theory It should be noted that also MORefs. 1,1} predicts the
(MCT) applied to the critical freezing of viscous liquids con- existence of a stretched exponential relaxation. The Kohl-
siderable progress has been achieved in understanding th&usch law can be derived as the high-wave-vector limit of
microscopic origin of the liquid-to-glass transition. Initiated the MCT equations.
by scaling predictions of MC¥the microscopic dynamics of ~ Resonant nuclear forward scatterihfFS) of synchrotron
viscous liquids has been studied in great deétak, e.g., Ref. radiation is a relatively new scattering technitfuthat re-

2, and references therginOne of the generally accepted veals directly in the time domain the relaxational dynamics
facts is that the final decay of the density-density correlatiorof the resonant Masbauer isotope. NFS is the spatially co-
function (relaxation function F(t), which describes the so herent scattering variant of classical d&bauer spectros-
called a-relaxation, is stretched when compared to a simplecopy, which has also been used to study collective motions in
exponential decayhowever its precise shape is a matter ofglass-forming liquids(for a review and recent results see,
actual debate. A simple but common description of this ree.g., Refs. 13,14 NFS has been demonstrated both
laxation regime in the time domain is based on the Kohl-theoretically® and experimentalff to yield information
rausch stretched exponential about the self-part of the density-density correlation function
in a time window of a few nanoseconds up to microseconds
at atomic length scales. This length scale is determined by
the fixed wave-vectorq=7.3 A~1 for experiments with
S’Fe. This time window extends the range of dynamics cov-
Here f, is the nonergodicity parameter describing the decayered by neutron scattering techniqugscoseconds up to a
of the correlations due to any process faster than théew nanoseconds’ Moreover, it provides a link to data
a-relaxation, i.e., phonon dynamics and fast local relaxationsrom light scattering techniques or dielectric-loss spectros-
(the cage or MCTB procesg B is a stretching parameter copy that cover a similar time window but at much larger or
with 0<B<1 quantifying the deviation of(t) from the even ill-defined length scalésThis is exactly the time range
behavior of a simple Debye relaxato8£ 1), andt, is the  where the critical glass dynamics predicted by MCT is found
characteristic relaxation time. In the frequency domain specih most low-molecular-weight glass formers.

tra are usually described by the empirical Havriliak-Negami  Thus NFS opens the way to study the structurat)(
functiorf or simplified versions, such as the Cole-Cote  relaxation around and in particular below the MCT crossover
Cole-Davidson functich both very similar to the Fourier temperaturd,. Neutron experiments in contrast hardly ever
transform of Eq.(1). supply data neafl..'® However, NFS requires a resonant

Experimentally this form of the relaxation function is isotope in the sample, for practical purposes a decent amount
found in quasielastic neutron scattering, light scattering, oof iron in the sample. This certainly restricts the selection of
dielectric spectroscopy measurements for a wide range cuitable systems.
glass-forming systems. Concerning the microscopic origin of In this paper, we present results using NFS on a molecular
the stretching there are two pictures discussed in literature: glass former that allow us to determine unambiguously the
may either be due to a spatial distribution of simple expo-Kohlrausch stretching parameter for relatively large
nential relaxationgheterogeneous pictureor, alternatively, ~wavevectors, i.e., on sub-A length scales. Also we elucidate
to a correlated relaxation of a cage formed by the neighborin general the rather complicated influence of a particular

F(t)=fqexd — (t/t,)”]. (1)
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nonexponential relaxation(Kohlrausch relaxation on 2
nuclear resonant multiple scattering. lin(7) = (T—) £5e"Fi(7). (5)
The paper is organized as follows. After presenting the 0
theoretical basis of nuclear resonant scattering in the pres- This set of equations describes the scattered intensity in
ence of Kohlrausch relaxation, we briefly describe the exyeneral. The factoR(7) in Eq. (4) results from multiple
periment and our method of data evaluation. We then discusscattering of they quantum by the nuclear ensemble. Due to
our results in the light of the theoretical predictions and re+he relatively large resonance cross section of the nuclear
lated experimental results. scattering, multiple scattering turns out to be important for
many experiments.
Il. THEORY In absence of relaxatiofFs(t) = consf the analytical ex-

pression
A. General

The theory of the influence of relaxation on scattering and R(7) = J1(2\¢7) ©6)
absorption cross-sections in kinematical approximation goes \/5—7
back to the basic papers of Singwi and ISjmer covering _ ) )
both quasielastic neutron scatteridgnd quasielastic Vgs- ~ Was derived’ (see also overview Ref. 25wherelJ; (x) is the
bauer spectroscopy. Whereas these first papers deal with Bessel function of first kind and first order. The function
energy resolved spectroscopy, experimental progress allowR-(7) shows oscillations called dynamical be#BB) with
meanwhile to observe the relaxation directly in the time do-Minima at¢ 7=3.7, 12.3, ..., defined by the roots of the
main, i.e., by neutron spin echloand nuclear resonant scat- Bessel function. The DB modulation originates from the con-
tering (NRS).?2 The general theory of the influence of slow tinuous energy exchange between the radiation f|6€|d and the
relaxation on the coherent quasielastic nuclear forward scafiuclear oscillator system by multiple scatterfig® Note
tering of synchrotron radiatiofQNFS was derived in Refs, that the apparent beat periods increase with time and de-
15,23. crease with optical thickness in a characteristic way. This

The time-dependent electric field amplituéi¢7) of ra- simp_le relation bgtween quasiperiodicity in the dynamical
diation transmitted through a target with a single transition®€ating and effective thickness is an important tool to extract
(no hyperfine interactionin the forward direction can be information from experimental data. _
represented as Fourier transformation of the response func- When the value of 7 is relatively small, mostly the in-

tion of the target' teraction of the primary radiation with the nuclei is essential
and the factoR(7) may be approximated by exp¢ 72).%’
A (= de This approximation holds in the time region near zero time
E(r)=—| ——e i@me @) 2) and its validity extends to larger time with decreasing effec-
ToJ —=27 tive thickness.
where 7=t/ is the time scaled by the lifetime of the ex- B. Stretched exponential relaxation

cited nuclear level, (7o=141.1 ns for°’Fe), w is the fre-
quency scaled by the inverse lifetiméd=I/Aw exp
(—ueZl2) is the amplitude of the incident radiation multiplie
by the electrpnlc absorp.tlon in the targef="f yéo Fo( T)Ifqexq—(T/Tr)B], @
=f_moonnz/4 is the effective thickness parameter of the
target. It is proportional to the resonance cross seatign wherer,=t,/7q is the rescaled relaxation time. In this con-
the Fe number density, °’Fe enrichmenty, thickness of the  textf is equal to the Lamb-Mssbauer factof,  describing
targetz and the Lamb-Msesbauer-facto(or recoil-free frac- relaxations faster than the accessible time window. The sepa-
tion) f_\,. The universal resonance functigr{w) depends ration of fast and slow relaxation is a purely technical issue
on the relaxation functioff4(t) as follows® which results from the finite width of the exciting synchro-
tron pulse and the performance of the detectdis.the case
- - of glass dynamics at least both phonon vibrations and MCT
@(w)zf d?ei“T*T’ZFS(?). 3 B-relaxation are included i, . In a more stringent treat-
0 ment of the short time behaviot<€1 ns) f,,, must be re-
) ~ placed by a time-dependent term.
Note thatF(t) here is the full van Hove self-correlation | kinematical approximation the intensity for this type of
function taking into account both fast and slow atomic mo-yg|axation is given by Eq(5). The time dependence of the
tion. This is in contrast to some older papers where fast angtensity is shown in Fig. 1 for differens. The deviation of
slow motion were divided rather artificially. . B from one appears as a bending-up of the correlation func-
~ Combining Eq.(2) and Eq.(3) in time domain, as is done  tjon and accordingly of the intensity on a logarithmic scale.
in the Appendix, we can write the intensity of the delayedTnhe determination of8 is most reliable in the time range

In this chapter we will focus on relaxations described by
d the Kohlrausch self-correlation function

signal agsee Eq(A7)] where the intensity curve shows the strongest curvature. This
occurs at very early times where the decay is much faster
[(7)=in(T)R?(7), (4) than natural. The observation in this range, however, is dif-
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FIG. 1. Kinematical approximation of the delayed intensity for 103 ";"
different 8 and 7,=1 in lin/log and log/log(inse) scales. R
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ficult. In order to extract the non-exponential behavior in the
kinematical approximation one has to observe the signal a 0

least over two decades of tiflgsee inset in Fig. 1 )
When &7 is relatively large(large effective thickness or Time 1

long observation timgsmultiple scattering becomes impor-  F|G. 2. Delayed intensity taking into account multiple scattering

tant and the dynamical beat structure appears in the accegr different 8 and 7, . The effective thickness parameter was cho-
sible time window. Fast relaxations described &y, just  sen ast=10.

stretch the DB structure in time. It is important to notice that
the coefficient of stretching is the same for the entire timewhereA, is a coefficient independent af . For the case of
region and equal td,,,. Phenomenologically one can say 8=0.5 we obtain a square root dependence. The result is that
that only a fraction of the nuclei inside the target takes part ireven for very long relaxation times. the shift of the DB
the process of scattering. minima is quite appreciable due to the behavior of the square
For the simplest case of slow relaxation, i.e., free diffu-root function near zero. By contrast the relative shifts of the
sion with a simple exponential self-correlation function, it DB minima as a function of, (e.g., no slow relaxation
was shown that the multiple scattering tefR{r) is not  coincide, as shown in the inset of Fig. 3 and show a linear
modified. The self-correlation function enters only as an addependence for largh y, .
ditional exponential factor in Eq(4).® Any other self- To understand the behavior of the DB structure in detail, it
correlation function influences the multiple scattering termis useful to consider also the frequency domain. In the gen-
R(7). In Fig. 2 we show the forward scattered intensity)
under the influence of a stretched exponential relaxation for
different values of8 and 7, . The effective thickness param-
eter ¢ is taken to be 10. One can see that ®r1 the
positions of the DB minima are identical for any value of the
relaxation timer,. The positions depend only ofi With
decreasing3 the DB minima shift to larger times. The same
effect is observed for decreasing for a given 8<1. In
other words, the intensity curve is stretched over the time:
axis like in the case of decreasigg but now the stretching
coefficient depends on time. The shifts of the first, second
and third DB minima, normalized to the value of the corre-
sponding minimum for the static case, are shown in Fig. 3 a® ,|
a function of relaxation rata,=1/7,. One can see that all

itions of DB minima

ve posi
s
T
1

elat;

curves can be separated into three paxisclose to zero o

(long relaxation timgwhere a root dependence is observed, Relaxation rate A,

a region of large\, where the curves drastically rise and a . » o ]
transition region. One can show analyticalee appendix FIG. 3. Relatl\(e positions (.)f.the DB minima as a funcpqn of
that for relaxation times much larger than the nuclear "ferelaxatlon rate. Circles: first minimum, squares: second minimum,
time 7, the relative shift of théth DB minimum is diamonds: third minimum, solid ling8=0.5, dotted line;3=0.8.

In the inset we show relative positions of the DB minifadl three
P curves coincidgas a function offy,, i.e., the case of fast relax-
Ai=ANT, tS) ation.
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relaxation conditions. For sufficiently thick targets it will al-

15k low one to determingd and r, as a function of temperature
—p=1 =1 with high precision. This holds until for sma#, the NFS
,,'\‘ --B=08,7 =1 signal decays too fast so that the late evolution of the DB
[ e B=05,17 =1 structure cannot be observed any longer.
s : -—-B=0.5,‘C1_=5
1
!

Ill. THE EXPERIMENT

As a model substance we have chosen the molecular glass

Distribution p(A)

1
]
Py
o5l T former 95% dibutylphthalate/5% ferrocene which has been
': \\ the subject of a previous QNFS study in a time window up to
R TN 176 ns'® The procedure to obtain samples enrichedife
RS “'“w--..:.-f,,__...,__*,________ ____________ in high yield is described in Ref. 30.
00: £ ! . L ‘.'""*'*13~~-~-~-f-'-~‘-l-1"f'*"*‘:'5f‘*‘=-'*’ First studies were carried out at the low-energy section of

the PETRA undulator beamline at Hasylab, PETRAThe

filling modes were 8 bunch and 16 bunch, resulting in time
FIG. 4. Distribution of exponential decays over relaxation rateWindows of 960 and 480 ns, respectively. An indirectly

for a Kohlrausch self-correlation function. water-cooled diamorid11) high-heat load monochromator

and a sapphire backscattering setup as high resolution
eral theory diffusion manifests itself as an averaging ove,monochro_mat&rz were used. Further QNFS experiments
Dopp|er Sh|ftS Of the resonance ene}é%ccordingh{ we were Car”ed out at the beam“nes ID18 and ID22N at the
. . . . . 4 .

present the Kohlrausch function as a distribution of exponenEuropean Synchrotron Radiation Facifiy’* A Si(111)

tial decays over relaxation rates h|gh'heat load monochromator with He g@@lg) or LN2

cooling (ID22N) and a 6 meV four-bounce high-resolution

Relaxation rate A

o monochromator serve to increase the ratio of incoming reso-
Fs( T)ZJ dxe M p(N). (9  nant to nonresonant x-ray quanta and thus reduce the load of
0 the detectors. To obtain QNFS spectra within a long time
The functionp()\) is shown in Fig. 4 for differenB andr, . window, single bunch mode with a time window of 2800 ns

For =1 the distribution is a delta function. The rate of and hybrid bunch mode with a time window of 930 ns were
dephasing between the radiation field and the nuclear ertS€d: .
semble is independent of time and identical for each nucleus, Th? sample temperature was varied betwgen 40 and_ .202
For B<1 the distribution has a cutoff at the low- K, using a closed-cycle helium cryostat having a stability
frequency side and a very long tail at high frequencies. ongeter than+0.5 K. 'I_'he reproducibility of the true sample
can interpret this distribution phenomenologically as a distri_f[emperature was estlmated_to 1K.The ;ample was mounted
bution of nuclei in the target, each of which has an exponenil COPPer holders sealed with Kapton windows.
tial self-correlation function with a certain frequency, de-
pending on position or/and time. It accounts for both the IV. DATA TREATMENT

homog_eneous and_ the heterogeneous picture of _the _str_etched Equation(4) describes the delayed intensity in the case of
relaxation. In the first case the stretched relaxation is inter-

. . a single excited level of the nucleus. In the case of ferrocene
preted as the_ envelope of Instantaneous exponential rela e quadrupole splitting of the excited level changes the de-
ators with a tlme—depen(jent re]axauon rate. 'f‘ the secon yed intensity as followgunder the assumption that the lev-
case we have a spatial distribution of exponential relaxatorseIS are well se ¢
. O . parated
each of which has its individual now time-independent relax-
ation rate. ' —
We can interpret the shifts of the DB minima as shown in el )= lael 7)4 cOS[O(7=2)/2], (19
Fig. 3 as due to an apparent decrease of the effective thickvhere() is the value of the quadrupole splittingjs a phase
ness of the targety quanta reemitted from nuclei with large shift due to the mutual influence of the quadrupole [fies
N\ run out of phase rather soon and are effectively lost forand| 4(7) is equal tol (7) from Eq. (4) with & replaced by
multiple forward scattering at later times. Thus with increas-0.5 ¢ because of the splitting into two lines. In accordance
ing time less and less nuclei participate in multiple forwardwith the results of Ref. 35 we assume here that rotational
scattering, and therefore the DB minima become more antklaxation can be neglected compared to translational relax-
more shifted to later times. This picture, which is used heretion. The additional oscillations described by Ef0) are
for a continuous distribution of exponential decays, has beenalled quantum beat€B’s) and originate from the coherent
introduced originally in the study of jump diffusion for a superposition of wave packets with slightly different ener-
discrete set of exponential decays with different weights andjies. Figure 5 shows two original spectra in the limiting
relaxation rate$2° cases of large and small effective thickness of the sample. In
The high sensitivity of the positions of the different DB order to avoid additional parameters in the fit procedure and
minima to the Kohlrausch paramet@y as displayed in Figs. to increase the statistics at the end of our time window, we
2 and 3, is a key feature of multiple nuclear scattering undeintegrated the time spectra over the QB oscillations. The in-
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tegration was performed for each QB period, and the abscis- 10
sae of the integrated data were set at the positions of the
maxima of the beat pattern. The resulting set of points was
fitted by Eq.(4), with modified incident intensitA’.

10°

T=173K

Intensity I(t)

FIG. 5. Data treatment procedure: dots: original experimental
data; diamonds: modified data corrected to the average intensity for
one dynamical beat; solid line: fit to the modified data.

Intensity I(t)

We checked the correctness of this procedure in the low- 10
temperature region where relaxation is absent. Comparison 10"
of the fit parameters for original and integrated data shows
agreement within the limit of the experimental error. Figure 3
5 shows this comparison between the original and the modi- 10
fied data for two temperatures. One can see that Tior S
=202 K the modified data is more informative in the time N S T "‘l‘ 4 L
region after severat, than the original one. 0 200 400

Time t [ns]
V. RESULTS

. . . ) FIG. 6. Experimental data treated as pointed out in Sec. IV for
Figure 6 shows the delayed intensity emerging from thesgjected temperatures. Solid line: fit as described in the text, dashed

sample treated as pointed out in the previous section at varjne: fit with g fixed to 1. In the last case the bending up of the fit
ous temperatures, starting from 173(selow the calorimet-  cyrve is due to an unreasonably high background.

ric glass-transition temperature of 178 Kp to 202 K. All

experimental data were fitted using Eqé.‘) and (10). For sity) is not very good. Nevertheless the fit gives a rather
temperatures below 190 K additional fits have been PerSiable value of3 in the entire temperature range
formﬁd fW'thg flxte% to 0'? and ﬂDeg¥e r(allla?acglc')h_l:l'fgla In the high-temperature region is small enough to see a
results for/3 (treated as a free parametere listed in Table oo bending-up in the data like in the theoretical picture
I. Obviously B is quite stable and in average equal to 0'47(Fig. 1). At the same time,,, is so small that the role of
+0.02. In order to demonstrate the sensitivity of the experi M

t o ch Fia. 7 sh fits of th tra tak ‘multiple scattering is weak. In this case multiple scattering
ment 1o changes 9B, Fig. 7 shows fits of the spectra taken manifests itself as an additional term in the expoffelitas
at 202 K with B8 fixed at 1, 0.75 and as free parameter.

: : . discussed at the end of Sec. Il A, which reduces the apparent
In the low-temperature region, the large effective thick-

n L life time of the excited state. This fact prevents a unique
r)ess(large L.amb-Mcss.bau_er fact()ne_ads to significant mul- separation ofr, and f|,,. In order to resolve this problem,
tiple scattering resulting in dynamical beats. Thanks 0 theye a5 to use additional information. There are two ways to
nontrivial behavior of the dynamical beating, values fipy;

d be d ined with hiah ; h obtain this information: either the incoherent intensity is
andr, can be determined with high accuracy since the Crosg,q a5 red simultaneously by a second detector setup at a fi-

correlation .Of the fit parameters is weak. AS pointe'd'out Mhite scattering anglé or the delayed rocking curve of the
the theoretical part of this paper, the shift of the minima of

the dynamic beat oscillations in the case of a stretched relax- ,

ation allows to determine the stretching paramggerOne TABLE |. Value of 8 for different temperatures.
can see this effect comparing the exponential and the Kth-r/K
rausch fit of the data for example in Fig. 6 B&188 K.

There is a small but clearly visible shift. Unfortunately the g 0.4615) 0.3815 0.4815) 0.462) 0.491) 0.452) 0.482)
statistics of the datéas this concerns a minimum in inten-

173 178 188 192 195 200 202
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behavior to the harmonic decay according to the MCT rela-
tion fq~\(T.—T)/T..*® The solid line in Fig. 8 gives a
value for the MCT crossover temperatirgof 2022) K. As
expected for the high momentum transfer of NRS FRe,

the nonergodicity parameter aboVe (named also critical
form factop is very small and below our detection limit.

Intensity I(t)
S
T

VI. CONCLUSION

Our data allow to determine the relaxation parameters of a
glass-forming liquid near and below the MCT crossover tem-
peratureT. on atomic length scale. Using the Kohlrausch

| function to describe thea-relaxation we determined a
100 ' ' — stretching paramete8=0.4712). As NFSobserves the re-
Time t[ns] laxation at rather large wave vectors, the valugBofleter-
mined in this experiment should be a good approximation for

FIG. 7. Log-log picture of the intensity fof =202 K. Solid  the von Schweidler exponebtdescribing the power law of
line: fit with 3 as a free parameter, dashed line: fit wittfixed to  the full MCT relaxation functiors® Evaluating the square-
0.75, dash-dotted line: fit wit| fixed to 1. root behavior of the nonergodicity parameter beldwwe

found a critical temperaturé. of 202 K.
high resolution monochromator is determined for each Those values may be compared to results of optical mea-
temperaturd® We used both methods in our measurementsurements performed on pure dibutyl phthafdtén this
and with this additional information we could determine  work aT, of 227 K and an exponent &f=0.57 was found.
and f_, independently. Moreover, due to the large bendingln comparing these values it must be noted, however, that in
of the experimental curve we are able to get informationRef. 37 the orientational relaxation is observed. It is well
about the stretching paramet@rwith rather high accuracy. known that different correlators may lead to different relax-

In Fig. 8 we show the temperature dependencé gfas ation times. In particular a decoupling of the translational
obtained from the fits. The curve shows two distinct regionsfrom the orientational dynamics has been obsefVed.
at low temperatures a harmonic decrease and abbve  The present result fop compares well with results ob-
~150 K a faster decay due to an additional process. Wéained by numerical simulations of a Lennard-Jones
identify this process with the MCTB-relaxation'* a local  Systent® On the other hand glycerol, which is assumed to be
rattling of the molecules in the cage formed by their neigh-2 model system for medium strong glasses, has a stretching
bors. parameter of 0.7Ref. 40 which shows the range of possible

In order to explain the harmonic part of the curve we usedvalues of this exponent.
the high-temperature approximation of the Debye model for The results for the relaxation timg are identical to our
temperatures below 150 K. This yields a Debye temperaturgarlier result® within the error bars. First indications of a
©=41 K. For higher temperatures we added a square-rod€laxation on the time scale of microseconds appear already
at 170 K even below the calorimetric glass-transition tem-
perature. It should be noted that also Rutyal*® have ob-
served the onset of a line broadening effect at 175 K by
conventional Masbauer spectroscopy. Whereas the idealized
MCT predicts a complete freezing of the system belbw
there are always thermally activated processes restoring er-
godicity at long(macroscopictimes. This is included in the
extended MCT by the so-called hopping paramefet
Above 190 K there is a steep increase in relaxation rate. For
a more detailed discussion of the temperature dependence we
refer to Ref. 16.

We would like to point out two important facts: On the
one hand, in the kinematical approximation a large time win-
00] ot b — e — dow is required to see the stretched-exponential behavior of

the self-correlation function nedi,. Therefore the extended
time window as compared to our earlier experini&ig of

FIG. 8. Dependence of the Lamb-N&bauer factof,,, on tem-  crucial importance for the reliability of the data analysis. On
perature. The different symbols refer to different beam times. Thdhe other hand, the analytical expression for the dynamical
solid line is a fit using the Debye model with=41 K below T beat structure in the presence of arbitrary relaxation is man-
=150 K. Above a square-root termfi y~+[(T.—T)/T.] was datory to understand the effects seen in the temperature re-
added to the regular solution. The straight dashed line extends tt@ion where the kinematical approximation breaks down. It
low temperature data not shown in this figure. allows in principle to extract relaxation rates agdvalues

10

Temperature T[K]
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with high precision. Unfortunately the most significant ef- xO(r) =1,
fects appear at late times where the scattering intensity is low

and accordingly the statistics is poor. 1 Fdr(1—Xx)]F4(7x)
A drawback of the method used is that one cannot study x* ()= (k+ 1)fo dx X x®(x7) F(n)
any material but needs to insert dopant molecules containing s (A6)

a resonant nucleus. This is especially difficult in the case of
the study of molecular glass formers, where small amounts a result the intensity of the delayed signal that is observed
of admixture may lead to crystallization. But this drawbackin NFS experiments can be written as
converts to an advantage in the case where we study the

behavior of a certain material as a function of the environ- H(7)=liin( IR(7), (A7)
ment such as restricted geomettyn this case the fact that A2

we obtain a signal only from our sample not blurred by a lin(7) = _) £2e™F2( 7). (A8)
signal from the environment improves the precision of such To

experiments or even makes them feasible. Also in this casjiihout diffusion R(7) can be presented as
measurements using a long time window can be very

interesting®? Information about changes in the shape of the J(24E7)

relaxation modes due to a change of the environment will be R(7)= LS (A9)
the next step after the determination of the characteristic re- Vér

laxation time in this case. We denote withr; the position of thdth minimum point in

the case without diffusion 7; is the shift of this point due to
ACKNOWLEDGMENTS the relaxation described by the Kohlrausch self-correlation
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appreciated. This work was supported by the German BMBgelaxations Bthat change only the effective thicknegér)
under Contracts No. 05 SK8 WOB 5 and KS1 woc/2. ~ ~1~ (/7). In this approximation Eq(AG) converts to

x®(r)=1—(7/7)°QuB), (A10)

] ) ) ) where Q,(B) is a rational positive function for anl and
After insertingo(w) from Eq. (3) into the expression for Qo(B)=0. Using those definitions we may write
E(7) from Eq.(2) and expanding the exponential in a power

APPENDIX

series we obtain < (£7)
R R R(D=2 (=) gy (7 m)PQuB)]
E(7)=— (1)~ —Eqe(7), (A1) . )
° ° = -1 kL_ [+ )B
£k & YV

A e
Egel 7)= 08" 2 (1 gy (. (A2) Lo

where ¢ (7) is defined by the following recurrent expres-

sion:
=Ry(7)—P(7)/ 77, (A11)

0=
¢ () =F(7), whereRy(7) is taken from Eq(A9) and P(7) is a function

- L that does not depend an. Now we have to solve the equa-
<p(k+1>(7)=f dreM(r—1)F«(7). (A3)  tion R(7+A7)=0.
0

_ B_
It is more convenient to rewrite Eq§A2),(A3) in the fol- Ro(7i+A7)=P(r+A7)/7'=0,

fouing way: Ro(7) +Re(7)A7=P(7)/7F,
A
Ege(7) = s §oe™ TIZFs( 7)R(7), (A4) P(7)
0 Ti ZI—I. (A12)
. o Ro(7i) ¢
T
R( 7')=k20 (—1)kk| (ko+ 1 x®(7), (A5)  As aresult we get

where Ari~17P. (A13)
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