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Tagged-particle motion in viscous glycerol: Diffusion-relaxation crossover
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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 A a crossover to diffusional motion is observed: quasielastic stretching diminishes and the
wave-number dependence of the mean relaxation time approgcRefS1063-651%96)04811-9

PACS numbg(s): 64.70.Pf, 66.10-x, 61.12-q, 76.60.Lz

I. INTRODUCTION field gradient[13]. Using a (w/2)—7—(w/2)—t—(wl2)—7
The motion of a tagged particle in a dense liquid is easilye.cho .three-pulse sequen@m_th eyolutlon t|_me7- and d|ffu-

. AR sion timet> 1) the echo height is proportional to the inter-
understood in the two limiting cases of large or small wave . : )

mediate self-correlation function

numberq 1]. For very largeg, one expects to see the thermal
motion of a free particle. In the limig—0, on the other 1 ' '
hand, the particle motion can be described as Brownian dif- Dy(t)= NE (el RiOgia-Rj)y D)
fusion, leading to an exponential decay of time correlations !
[2,3]. In the intermediate range whege ! is of the order of
interparticle distances, no universal law can be given. Unti
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 underStooreached, using ultrahigh static field gradients of up to 200 T/

[3-5]. : )
In the present paper, we investigate tagged-particle ma™- In the present study field gradients between 44 and

tion in a supercooled, glass forming liquid. We juxtapose71 T/m art1d evolution tlmz betwsetn 20 aniglla%s gav:
NMR field gradient echo measurements and quasielastic ir?cggfio_fﬁ\v_v?ve nUmbers — between an
coherent neutron scatteriftiNS), which allows us to cover - ' . )

an asymptotically small and an intermediate ranga.iim a In contrast to NMR, neutron scattering cannot selectively

hydrogen-rich sample, both techniques can be employed tgbserlve I\? Slntalel 'SOtprh within af r::hdemlcally. (;]omplex'
observe essentially the same self-correlation functiorp2MP'€. NEVErheless, in the case of hydrogen-rich organic
S(q,t) of protons matter, the total cross section is largely dominated by inco-

Re o model System we choose ohcela(Or, TSI ST o e 5 ke o conentt
Ty=185K, T,=291 K]. With its ability to form multiple

hydrogen bonds, glycerol is representative for systems with ﬁ:g%:}' 'thr:l?rgevrvggag;éﬁg]nenéz c;n gilzggﬁtﬂie%o;gné\l/nen <o
weak network structure. Its glass transition dynamics has al- group 9 g : ’

. ) o
ready been studied by an impressive variety of experiment cattering from GH5(OD)s is about 90% incoherent. The

methods[6]. Recent light- and neutron-scattering experi- C'\:I—lR (;i'(pergjent .V\t/as plerfolrmed gn ofrdllnary Iglycerol
ments on glycerof7—9] have shown that atomic correlation 3 5(OH)a. Since intramolecular modes of glycerol are in-

functions decay essentially in two steps, associated with Vi\f(lli/llele vl\?eﬂs]teillltlcr:r;i aeni;’f['s\;ﬁ:gggggrﬁ?;ieogg fr'ﬁgjagﬁgéegt
brations and structurak relaxation, respectively; the inter- ’ quat ' 0y
mediate step of fasg relaxation, predicted by mode- both methods. Deuterating the OH groups has also a direct

coupling theory[10] and observed in a number of fragile impact on the molecule’s mob?lity, but from viscosity mea-
liquids [11,17 is quite weak in glycerol. This allows us to surements the isotope effect is known not to exceed 10%

study the coupling between one-particle motion and strucLlS]’ so that it will have no consequences for the conclusions
eached in this work.

tural relaxation on microscopic time scales down to a few : .
Neutron scattering experiments were performed on the

[ nds with n nsider f r pr in . .
glfrozﬁ;%s?: thout a need to consider faster processes 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, Aut
outside the range 0.19-1.9 A count rates were too low
The self-correlation of protons in a viscous medium canand the resolution function too fuzzy to allow for a quanti-
be measured with NMR stimulated echo in a static magnetictative data analysis. The temperature range 254—413 K was

i/vith the generalized scattering vectpr 7yg (gyromagnetic
ratio y, magnetic-field gradierdq). Measurements were per-
formed on a homemade spectrometer at Mainz University. In
favorable casefl4] wave numbers up to 16 A~ can be

II. MEASURING SELF-CORRELATIONS
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FIG. 1. Incoherent neutron-scattering 1&8{q,») of glycerol reduced time (seconds at 300 K)
C;Hs(0OD); atq=0.50 A~ The measurement at 220 K yields the _
instrumental resolution function. The quasielastic scattering in the FIG. 2. Self-correlation functiory(t ), deduced from incoher-
viscous liquid is fitted with the Kohlrausch function with a fixed €nt neutron scatterindNS) and field gradient NMR measurements,
exponent8=0.60. Hitherto, logarithmic intensity scales have sel- s a function of reduced time=t[ 7(To)/Tol/[ »(T)/T] with arbi-

dom been employed in the presentation of neutron-backscatteringary normalizationT,=300 K. The master curves are combined
data. from measurements between 270 and 413 K. NMR data are fitted

with an exponential law, large-angle INS data with a Kohlrausch
the same as in the NMR experiment. Raw data were corunction. The INS data are shown in more detail in Fig. 3.
r'ec'ted fo'r background scattering and normgl!zed to the elasgy nd in previous studies of other viscous liquids—19.
tic intensity measured below the glass transition. Some spegynije the precision of our spin-echo data allowed us to cor-

tra are sh(_)wn in Fig._ 1. After Fourier trqnsforma’;ion andrect for the temperature dependence of the Debye-Waller
deconvolution of the instrumental resolution function, onefactor, in the present INS analysis this weak effect is ne-

obtains the intermediate scattering l&dy. glected, takingf,(T) as usual to b independent. In the
g range of NMR, one has anyhofy(T)=1. _
. SCALING ANALYSIS Master curves are obtained by superimposingdhgt )

. as a function of reduced tinte=t/[ 7(T)/7(T,)], taken from
The free spectral range of a neutron-backscattering spegyplished viscosity measuremerigd]; absolute units were

trometer hardly ever permits one to determine from a singlgt by arbitrarily choosing,=300 K. For neighboring tem-

measurement the line shape of a complex relaxational prseratures, the data do satisfactorily coincide. A majority of
cess. Much more can be learned from the experimental datg optained master curves is shown in Fig. 2.

if it is possible to condense them by some kind of scaling As expected for ordinary diffusion, the NMR data follow

procedure. an exponential law
We shall analyze the self-correlation measured by NMR ~ ~
and INS in close analogy to the case of coherent neutron Dy(t)=exp—t ﬁq)' )

scattering(CNS). Coherent scattering from structural relax- g, q=0.5 A~1, on the other hand, the INS data are well

ation has been studied in a recent spin-echo experifd@it  gescribed by the Kohlrausch functidd), as expected for
on perdeuterated glycerol around the structure factor maxiany microscopic correlator that couples strongly to structural
mum (q: 1.44+0.13 A_ l). We found that the intermediate relaxations. Somewhere betweenx 20_3 A -1 and 05
scattering functiond®\t) could be written in the scaling A 1, the self-correlation function must cross over from dif-
form fusionlike to relaxationlike behavior. As we will see, there
are some indications that this crossing over falls at least
Dy(t)=fq(T)Fo(t/7(T)), (2 partly in the wave-number range 0.2—-0.5 R 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-

o p(T)/T, (3y  ation time

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

the line shape qu(T) varies only weakly with temperature, (1e)= fwd“: (=8B Y (6)
and the master curve could be fitted over four decades in d 0 a q

reduced timé by the stretched exponential of Kohlrausch, . . .
and then restricted subsequent fits to the time range

Fq('f)=exp[—('ff?q)ﬁq]. (4)  t>(74)/100. Forg>0.5A"1 one verifies again that within
statistical accuracy the master curves are correctly described
The exponenth"hzOJ was found to depend not or only by (4). For q=1.2-1.9 Al a stretching exponent
weakly on temperature. Similar scaling properties had beep=0.61+0.01 is found and fog=0.87 A~* a lower value
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FIG. 3. INS master curves as in Fig. 2, for wave numbers é
g=0.19, 0.29, 0.50, 0.87, 1.2, 1.6, and 1.9 A For small wave 8 1oL
numbers and short reduced times the data are severely affected by ® E
multiple scattering; in particular the amplitudes do not showghe 3
dependence expected for a harmonic Debye-Waller factor. Data g
points witht<(7,)/100, plotted as open symbols, are therefore ex- o 1F

cluded from the quantitative analysis. Solid lines are Kohlrausch fits : e
for t>(74)/100. The inset shows the stretching exponent as a func- F AN

) h o [ B ]
tion of q; compare the discussion in the text. 0.2 0.5 1
a A7

of 0.54. Forq=0.3 A™%, on the other hand, the master o _ _
curves can be fitted by a Kohlrausch function only if short-  FIG. 4. Mean relaxation timer,) as a function ofy. The solid

time data are systematically excluded, and the stretching exine is a fit7=D""q"“ to the NMR data. In the bottom plot, the
ponentB, depends considerably on the modalities of fitting, INS data are enlarged and the relaxation time measured by coherent
while forqq>0.5 A1 its value is quite stable. With this neutron scatteringCNS) at the structure factor maximum is shown
reservation in mind, we note that the relaxational stretching)OIr COTpa”é‘;,';- The broken line is a f('jt tt)o the INS data with a
diminishes strongly with decreasing wave number, approact2?Wer 1awg ™ (5=0.61), as suggested by recent work on poly-
ing almost single exponential decay fgr0.19 A-1 mers; the solid line is exactly the same as in the top plot.

In Fig. 4, the mean relaxation timgr,) is plotted as a . ) .
function of the wave numbay. As expected for normal dif- have to clarify to what extent our results might be artifacts
fusion, the NMR data obey due to the use of a relatively thick sampbout 20% scat-

' tering).

(r9=D"'q 2 (7)
IV. MULTIPLE SCATTERING

One may anticipate that this power law continues to hold in In order to estimate possible influences of multiple scat-
the experimental wave-number gap abovel® 3 A1 In  tering we performed an extensive model calculation. The
fact, if (7) is extrapolated over more than two decades inscattering experiment was simulated with a Monte Carlo pro-
q, up to about 0.2 or 0.3 A%, it merges, within a factor 2, gram based omscAT by Bishop and Copley22]. For the
with the relaxation times measured by neutron scatteringbackscattering situation in which energy transfers are much
Towards larger wave numbers, however, the extrapolatiosmaller than the incoming neutron energy, central parts of
cannot be continued: within the INS data range,dtiepen-  the algorithm had to be rewritten.
dence of(7,) is clearly steeper thag™2. _ Any multiple-scattering simulation requires input of the
So both the time dependence of the master cudvgl) ideal scattering laws*(q,w) over an extendedjw range.
and the wave-number dependence of the mean relaxatidpince there is no closed theoretical expressionSbt{d, »)
time () indicate that up to at least 0.1& self-diffusionis ~ of glycerol, we had to use an idealized model. In order to
correctly described by the hydrodynamic limit and that thekeep our model as simple as possible, we concentrated on
crossover to stretched exponential relaxation is observestructural relaxation, neglecting any faster process that can-
within the experimental window of INS. not be resolved on IN10. We contruct8t(q, ) by numeri-
Any such interpretation, however, has to rely critically on cal Fourier transform of a Kohlrausch curve with an invari-
neutrons scattered with rather small wave-number transfer@nt stretching exponeng=0.55. Relaxation times were
In previous experiments on amorphous samp&21] we assumed to scale over the full wave-number rangeras
have systematically discarded all small-angle data becauseg?; the absolute time scale was varied over four decades,
as is well known, inelastic scattering at small angles is mostorresponding to nine different temperatures. One more tem-
severely affected by multiple scattering. Therefore, we firsperature was needed to generate the resolution function.
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Sample geometry and energy mesh were adopted from the S —

IN10 setup. 1F R ]

Simulated spectra were then analyzed along the same [ 100 3]
lines as our experimentql data. Figure 5 shows the Fourier 0.75 10 1]
deconvoluted, rescalel(t ) for a 5% and a 20% scatterer, r . ]
for the smallest and the highest wave number used on IN10. r

In all cases the data fall onto master curves, slight deviations
appearing only at the lowest temperature, corresponding to
times t=(7,)/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 0 _‘. oo R it R
q>1 A~ the deviation from the inpy8 is in no case larger 1 10 100
than 0.05, while there is an extended minimum at smaller reduced time

scattering angles, aroung=0.2 A™*, where g, drops to

0.48 for the 5% and to 0.41 for the 20% scatterer. For even FIG. 5. Simulation of quasielastic incoherent neutron scattering
smaller wave numberg, increases again for a 5% scattereffull symbolg and a 20% scatterdopen sym-
q .

bols) under IN10 conditions. The master curves were obtained

Qualitatively, these findings can be explained as fOIIOWS'along the same lines as the experimental curves in Figs. 2 and 3;

For an 'SOt_rOp'C scatterer, more than 85% O_f all scattering,, points witht <(74)/1000 are not shown. Solid lines are Kohl-
processes involve angles§245°, corresponding to wave raysch fits; the insets show stretching exponents and mean relax-
numbersq>0.74 A~*. For scattering angles between 45° ation times. The relaxation times follow within 10% th&? behav-
and 180°,q varies by less than a factor 3. Thus multiple ior chosen on input, whereas the stretching exponent is severely
scattering is dominated by an almost isotropic contributioraffected by multiple scattering. Itpdependence can be understood
from large-angle scattering processes. At large wave nunifrom the simple considerations outlined in Sec. IV. The amount by
bers, these processes corrupt absolute intensities but do r#ich B, falls below the input value 0.55 can be reduced by about
change spectral line shapes very much. At smaller wavane-third if the fits are restricted to-(7,)/100.
numbers, on the other hand, the scattering law responsible
for single scattering is quite different from the isotropic V. DISCUSSION
background, so that even a comparatively small contribution o ) ]
of 5% double scattering can considerably increase the After delimiting the effects of multiple scattering we can
stretching of the quasielastic spectrum. Finally, at very smalnow proceed with a critical discussion of our data. We con-
wave numbers;<0.2 A1 and low temperatures, the line- sider first the line shapes of the master curdegt ). For
width of S*(q,») is much smaller than the instrumental =1 A~ the Kohlrausch fits yielded a rather constant
resolution. The quasielastic spectrum is then given by thetretching exponent3=0.61+0.01 (Fig. 3, inset. Our
multiple-scattering contribution alone. This explains also theMonte Carlo simulation suggests that this comes close to the
paradoxical result that fog<0.15 A~%, the thick sample real value, which may be some 0.01 higher. For intermediate
shows less stretching than the thin one. Note that these efvave numbergj=0.87 and 0.50 A the fitted exponeng
fects are the inevitable consequence of the strong wavedrops by more than 0.1. This wave-number dependence cor-
number dependence 8f (q,») and that not even the use of responds exactly to what we have seen in the simulation and
a rather thin sample can prevent a considerable systematiain safely be attributed to multiple scattering.
error in the determination 8. Turning now to small wave numbers, two anomalies are
In contrast to the spectral line shape, the mean relaxatiopbserved: The full master curves cannot be described by
time (74) is only weakly affected by multiple scattering. Kohlrausch functions and if the fit is restricted to times
Even for the 20% scatterer, it follows over the full wave- t>(7,)/100 the resulting exponerg, tends towards 1. To
number range ther;cq? law; input values and fit results understand this behavior we go back to the original spectra
coincide within 10%. Again, a simple qualitative explanationmeasured in the energy domain. In Figa)6typical low-
can be given: The mean relaxation time, given by the integralemperature data are shown: While structural relaxation is
(6), depends ultimately on the value of the scattering law atvell resolved aig=1.4 A~, it cannot be observed at 0.19
0=0, A~1. 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-
(7q)=S(0,0=0)/fo(T). (8)  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-
In our model,S(q,w—0) is sharply peaked for small, so  tures, the quasielastic broadening is well resolved at
that the flatter background from large-angle multiple scatterq=0.19 A~, while at 1.4 A" ! it is so strong that within the
ing does not influence the value ¢f;). Therefore, even if given energy range of IN10 it appears only as a flat back-
spectral line shapes are severely damaged by multiple scaground. In such a situation, multiple scattering can only
tering, quasielastic scattering experiments do still permit aomewhat lower the effective stretching exponent; it cannot
reliable determination of the mean relaxation tifng). account for 8 rising above the value measured at large

050

Dq (1)

0.25¢
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. . o T ; dynamicq 2 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 former§l18,23, and it has been suggested that
the relaxation time follows a power larg)>q" with an
exponent related to the Kohlrausch parameter through
n=—2/B. Afit 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 on¢e,) deviates from
q~2, its furtherq dependence cannot be parametrized by just
one overall exponenB.

So both the line shape of the self-correlation master curve

) 10 and the mean relaxation time indicate that tagged-particle
o (ueV) motion resembles Brownian diffusion down to a crossover

wave number of the order of 0.2 &, where coupling to

FIG. 6. Incoherent neutron-scattering lavB(g,w) at  structural relaxation sets in. Physically, such a behaviour is
g=0.19 @) and 1.4 A'* (O). The solid line shows the resolu- quite plausible. While normal diffusion leads to an exponen-
tion function, measured at 0.19°& and rescaled to the peak of the tja| decay of correlationéb) a stretched exponential function
quasielastic scarfa) At 331 K and 0.19 A%, structural relaxation  reveals memory effects. In contrast to a Brownian particle
cannot be resolved. The effective broadening in the wings is enthat performs an uncorrelated random walk, the motion of a
tirely due to multiple large-angle scatterind) At 413 K, on the tagged particle in a dense liquid depends on its history.
other hand, large-angle scattering is so greatly broadened that \{ijhen a particle is trapped in a given surrounding, each step
appears within the energy window of IN10 as a flat backgroundout of the cage will be followed by an increased probability
Structural relaxation can be well resolved at 0.19'ASmall-angle, that the next step is in the backward direction. The typical
high-temperature data are not seriously damaged by multiple Scafl'me it takes to escape from a local cage may be roughly
tering. estimated from the mean relaxation tifhg,) at about the
angles. Experimental artifacts cannot explain the observeggfncéu{:nfaggggneasx'{Egnll'alrttisc ?:T]z;hﬁj r;trea?;?gg:sgryato?ﬁig

variation of(Dq(T). initial position and that for longer times its motion resembles
At this point, however, we must recall that master curves P 9

at different values of] are derived from sets of spectra mea- ordinary diffusion.

sured over different temperature ranges. There is no way t While norm_al d|ffl_JS|_on implies aq™* dependence of
- . = ?r ), no generic predictions can be made for correlated mo-
know a priori whether a change in the shapedf(t) is due 4 I X )
. . . . - tion. This view is also taken by mode-coupling theory: Inte-

to decreasing) or to increasingl. Experimentally, this dif- . . - . .
) o . ... grating the long-time limit of the equation of moti¢24], we
ficulty could only be overcome if it were possible to signifi- find
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- heref. is th litude of [ rel . .
pends only weakly on temperature increasing by not mord/heréfq is the amplitude of structural relaxation abd is a

and probably much less than 0.15 over the same temperatu?édepe”de”t generalization of the diffusion constant. For the

interval 270—-413 K covered in the present INS work. Thisspgcllalilcase of a hard-sphere system, the product

suggests that also the INS relaxation curves depend onl_lgﬁ fq ° was found to be constant up to wave numbers

weakly on temperature, and that at a given temperature t ove the structure factor ma>§|mu_[rﬂ4]. It cannot be ex-

line shapes do indeed cross over from stretched exponentiBfCted that the same cancellation in theependence of,

to single exponential behavior. an(_qu occurs also in more complex liquids, the structure of
Stronger conclusions can be drawn on behalf of the waveVhich cannot be modeled by hard spheres. So mode-

number dependence ¢f,). From our simulation as well as €0UPling theory makes it plausible that,) deviates from

from the analytic argument based on E8) we know that 9 ~ &S Soon as one approachgs microscopic length scales

multiple scattering has negligible influence upon the experiWherefq andD,4 begin to vary withg.

mental determination qfr,). Also a large uncertainty in the

stretching exponeng, only weakly affects the fitted value of VI. CONCLUSION

(7). The only assumption that seriously enters our determi-

nation of (74(300 K)) is the viscosity scaling3). This as-

sumption can be justified by fits to our NMR data: Down to

100

S(q.0) (mev)
3
S(q.0) (mev)

0
fio (1eV)

<Tq>:Dq71fqilq72a (10

To summarize, we have combined incoherent neutron
scattering and field gradient NMR measurements to yield the

at least 260 K we find self—correlation_function of a viscous liquid for microscopic
and mesoscopic wave numbers. The brgadnge allowed
D‘1:q2< Tl T 9 us to distinguish two limiting regions: For small wave num-
bers, one observes ordinary Brownian diffusion; for wave
within the precision of available viscosity ddt20]. numbers around the structure factor maximum, tagged-

So we can conclude that up to wave numbers of about 0.particle motion is strongly coupled to the collective process
or 0.3 A~1 the relaxation time does indeed follow the hydro- of structural relaxation.
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An extensive multiple-scattering simulation was per-rangements can be taken from coherent scattering at the
formed to find out how far the quasielastic spectra can betructure factor maximum. It is then plausible that a tagged
trusted, particularly at small wave numbers. In a masteparticle conserves a strong memory of several rearrangement
curve analysis, we could discern clear signs of a crossovesteps, whereas for longer times it performs an uncorrelated
between relaxationlike and diffusionlike motion: 4t0.3  random walk.

A1 the self-correlation function shows typical relaxational

stretching at sho_rt times, while for long times its decay be- ACKNOWLEDGMENTS

comes exponential. At about the same wave number, mean

relaxation times begin to deviate from the hydrodynamic We acknowledge support by the Deutsche Forschungsge-
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