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The quasielastic part of the scattering law has been measured for the concentration fluctuations,

S„(q,E), of a binary liquid with compound-forming tendency, Lip 8pPbp qp. In this neutron scatter-

ing experiment on a time-of-flight (TOF) spectrometer (resolution 0.28 meV), a range of momentum
0

transfers q of 0.27 & q & 2.5 A ' was studied which includes the prominent first peak of S„(q); the

energy range studied varies from —1 - + 1 to 0 - . + 16 meV, with increasing q values. The

sample was measured at 1.04, 1.13. and 1.20T,l, . From the TOF spectra, the self-diffusion con-

stant of Li and the interdiffusion constant for Lip 8pPbp 2p were extracted. The latter, which reveals

a pronounced narrowing of the quasielastic width around the peak of S„(q), can be interpreted to
yield a lifetime of Li-Pb agglomerates. An extension of a relation which connects self- and interdif-

fusion constants is discussed. A simple description of elastic, i.e., E=O, scattering is achieved.

Cfood fits to the data are obtained using a Mori description; although the LO mode is not seen in the

spectra, some hint as to its characteristic frequency can be derived. The fits require a sum of two

relaxation terms for which the widths and relative strength are obtained as functions of q. The fast
mechanism may contain an indication for coupling of concentration fluctuations to conduction elec-

trons.

I. INTRODUCTION

In binary liquid alloys the relative arrangement of the A
and 8 atoms reflects the prevailing mechanism of interac-
tion between these particles, and it is a basic ingredient for
a description of the properties of such systems. Compila-
tions of thermodynamic data, e.g., by Komarek, ' indicate
that ideal behavior of binary liquid alloys is rather excep-
tional, i.e., in quite a few systems the A and 8 particles are
not distributed at random, see, e.g., Ref. 2. In fact, dif-
fraction data of a large number of systems indicate dom-
ination of A-A and 8 Bnearest-neig-hbor pairs (preferred
self-coordination) or of A Bnearest neig-hbors (preferred
heterocoordination) in systems which from thermodynam-
ics are known to have a tendency for segregation or com-
pound formation, respectively. A recent review is given
by Chieux and Ruppersberg. A number of models and
theories has been proposed to describe this chemical
short-range order (CSRO) and to relate it to various other
properties.

However, very little experimental data exist for what
may be called the lifetime of the preferred atomic arrange-
ments in heterocoordinated alloys. For such a system,
liquid Lip8Pbp2 we present here quasielastic neutron
scattering data which yield —to our knowledge for the
first time =xperimental information about the dynamics
of concentration fluctuations on a microscropic scale.

Such information is expected to be of interest for a dis-
cussion of models of transport coefficients, of crystalliza-
tion or glass formation, or for the explanation of quadru-
polar nuclear-spin-relaxation rates. The experimental in-
vestigation of the dynamics is also an indispensable test

for liquid-state models which often differ considerably
near E=O, or for the potentials used in their simulation
(see, e.g., Ref. 5). Considerable theoretical effort has al-

ready been devoted to molecular dynamics of binary
liquids, e.g., Refs. 6—9, to predictions of the spectral
shape and the moments, Refs. 10(a) and 10(b), and to
analytical treatments (see Refs. 11 and 12 for recent re-

views).
It has been mentioned above that information about

CSRO is obtained from diffraction experiments. In gen-
eral, however, it is quite impossible to extract from a sin-

gle measured scattering intensity directly that portion
which is modulated by CSRO. Only for very few special
alloys is CSRO scattering observed directly by neutron
diffraction. One of these so-called "zero alloys" is
Lio soPbo 2o (or Li4Pb, for short), which must be prepared

from the enriched isotope Li and from natural lead. A
strong preference for unlike nearest neighbors has been
observed in solid' as well as in liquid' ' Li&,Pb, alloys.
The composition dependences of all known properties de-
viate strongly from an ideal behavior, with maximum de-
viations close to cpb ——0.2, which also corresponds closely
to the composition of the intermetallic compound with the
highest melting point of the system. The anomalous
behavior and the CSRO are probably due to a transfer of
charge from the Li to the Pb sites which renders the bond-
ing partially ionic. ' ' According to Ruppersberg and
Egger' and Ruppersberg and Reiter, ' the global atomic
arrangement in liquid Li-Pb is similar to that of a mon-
atomic melt with superimposed CSRO which is especially
pronounced and long ranged close to the composition
Li4.Pb.

Bhatia and Singh' as well as Hoshino and Young'
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were able to calculate thermodynamic properties using the
concept of distinct complexes of Li4Pb. An alternative to
this "chemical" or "molecular" point of view is the con-
cept of concentration fluctuations introduced by Bhatia
and Thornton which has proven to be very powerful; it
is in these terms that we shall work for the most part of
the present paper, and the connection to the molecular
viewpoint will also be established explicitly.

A zero-scattering alloy has been investigated earlier by
neutron inelastic scattering. ' In that case, however, the
study was made to investigate self-diffusion in
Cuo 525Nio 475 from the incoherent scattering, and the zero
alloy was chosen only to reduce the disturbing coherent
scattering, which is the main subject here.

After introducing scattering laws in Sec. II, the experi-
ment will be described in Sec. III, and the data presented
in Sec. IV. The discussion in Sec. V will first consider dif-
fusional dynamics, then the E=O (elastic) scattering and
the concept of molecular lifetime will be considered; its
main part is devoted to a Mori description of S„(q,E).
Section VI contains some concluding remarks. Parts of
the results of the present work have been published car-
ier 22 24

II. SCATTERING LAWS

I'(q, E)=4'(bb) $„(q,E) . (2b)

b,b =bz bz is the dif—ference between the coherent
scattering lengths of the two species and b is related to the
coherent scattering cross section by cr""=4m.b . The
average scattering length ( b )=c~ b~ +c~bii ——0 for
Lip spPbp 2p, and thus $&~(q,E) and $~, (q, E) do not con-

tribute to I'(q, E). S„(q,E) is the scattering law for the
neutrons to exchange energy E with concentration fluctua-
tions of wave number q. The zeroth-frequency moment is
the corresponding static structure factor,

S„(q)= J S„(q,E)dE .

For large q, S„(q) approaches c„c~, and I'(q, E) ap-
proaches

From the experimental data we are able to calculate
I'(q, E) which is the scattered intensity per atom, given in
barn units (10 cm ) as a function of momentum
transfer q (A ') and energy transfer E (meV). This inten-
sity consists of a coherent and an incoherent part,

I (q, E)=I'(q, E)+I'(q,E),
which will be discussed separately.

In the case of the I.io 8Pbo 2 alloy under investigation,
the coherent part is proportional to S«(q, E) which is one
of the three number-concentration partial structure fac-
tors, S~~, S~„and S„,introduced by Bhatia and Thorn-
ton to describe the scattering laws related to number-
density and concentration fluctuations in binary systems,

oS(q,E)=4m [(b ) S~~(q,E)+2(b )(bb)S~, (q, E)

+(bb) $„(q,E)], (2a)

where o =4m(b ) In our. case .where (b ) =0,

BGS„(0)=N((hc) ) =Nk~ T
Bc pT

(4)

In the framework of the conformal-solution model we
have, for q=O,

S,'", (0)S„(0)=
1+2W(0)S,', (0)/kg T

where W(0) is related to the enthalpy of mixing hH,

W(0) =b,H/(Nc„c~),

(Sa)

(Sb)

and S,', (q =0)=czcii. Since this identity holds for all q,
an extension of Eq. (Sa) for finite q values is possible by
introducing a q-dependent effective potential W(q).

Dynamic structure factors of binary liquids for small q
and E have been derived by Cohen, Sutherland, and
Deutch' "and formulated for S„(q,E) by Bhatia, Thorn-
ton, and March. ' ' ' In the hydrodynamic limit the over-
damped diffusional motion of concentration fluctuations
leads to a Lorentzian line shape of the S„(q,E)-vs-E curve

I +/2m.
S„(q,E)=S„(0) for q~O, E~O .«& «E2 (r+/2)2

(6a)

The full width at half maximum (FWHM) I + defines the
interdiffusion constant D+ by the usual relation

r+ =2~'D+ . (6b)

A second Lorentzian term derived in Refs. 10(a) and
10(b) is essentially determined by heat conduction. Since
liquid Lio 80Pbo 20 has electronic and thus high heat con-
ductivity, we neglect the second Lorentzian in comparison
to Eq. (6). A more general form for S«(q, E) will be intro-
duced in Sec. VC.

The macroscopic interdiffusion or chemical-diffusion
constant D+ is connected in approximation to the self-
diffusion constants Dz,Dz for the constituent atoms in
the same system via Darken's relation (see also Ref. 27),

D+ =Dc' cg/S„(0),
with

(7a)

D =c&Da+csD (7b)

Incoherent scattering from lead is very weak so that
only lithium contributes to the I'(q, E) term in Eq. (1),

I'(q, E)=cL;erg S,L;(q, E) .

oL"," is the incoherent cross section. %'e will assume that

c~o.; "$~(q,E)+ciao~'"S ii(q, E) .

The above-mentioned preference for heterocoordination of
Li4Pb in r space may directly be deduced from a sine
transform of the complete S„(q) curve.

The long-wavelength limit S„(0) is proportional to the
mean-square concentration fluctuations and it becomes re-
lated to thermodynamic data via the curvature of the free
energy 6 in the 6-c diagram, i.e., the stability 8 6/Bc,
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for the scattering law an equation analogous to (6) holds
for all q, E,

(9)

background or background changes during the course of
the experiment. For the other 32 angles the two spectra
were added together.

IV. DATA EVALUATION

III. EXPERIMENT

Starting from 99.999%-pure Pb and Li enriched to
more than 99%-pure Li (bought from Oak Ridge Nation-
al Laboratory), LiosoPb02O was prepared in a dry box
filled with continuously recycled high-purity argon. The
correct composition of the sample was controlled by
chemical analysis. The sample was filled into cylindrical
Ta cans of 15 mm i.d. and 100 mm height. In the irradi-
ated area the wall thickness was 0.1 mm. The cans were
sealed by electron-beam welding.

The neutron scattering experiment was performed at the
time-of-flight (TOF) spectrometer INS of the Institut Max
von Laue —Paul Langevin in Grenoble. The sample was
placed in a cylindrical furnace 500 mm in diam. The
heater consisted of two Mo cylinders with a foil thickness
of 50 pm each. They were surrounded by two Ti radia-
tion shields, each 50 pm thick.

The temperature was measured with a W-Re thermo-
couple positioned in a dead hole in the can's top. Runs
were made at nominally 1023, 1098, and 1173 K. We sup-
pose that the temperature of the sample corresponds to
these values +2 K. Stability during the measurement was
+2 K.

The neutron beam was collimated outside the vacuum
vessel by boron-loaded plastic to a height of 46 mm and to
a width just exceeding the sample diameter. The correct
positioning was checked by the shadow image on a film.
In order to achieve sufficient energy resolution of the
quasielastic scattering and to include the first $„(q,E)
peak, an energy of the incident neutrons of Ep =4.09 meV
was chosen corresponding to A,p

——4.47 A. A total of 400
He detectors were grouped in 84 banks positioned at 42

different scattering angles between 8.2' and 124; thus two
independent TOF spectra per angle were obtained. The
range of q covered was 0.2—2.5 A ' (for zero-energy
transfer), so that coherent elastic Ta or Mo reflections
were avoided. The four choppers were set to produce neu-
tron pulses 100 ps wide and 10 ms apart. Each TOF spec-
trum was collected in 512 channels, each 18 ps wide.

For calibrations and corrections, additional measure-
ments were made for the following arrangements. (1) Fur-
nace without sample at 1023 K. (2) A vanadium sheet
wound spirally to the same dimensions as the sample. (3)
A cylindrical Cd sheet resembling the sample. (4) The Cd
sheet in the empty can. (The last three all at room tem-
perature. ) (5) An empty Ta can at 1073 K. These control
data were collected before the Li4Pb runs; furnace, vanadi-
um, and the empty can were repeated in the end. Actual
measuring times for Li4.Pb were about 40 h per tempera-
ture. The neutron-beam intensity was monitored by two
thin, flat boron counters placed in front of and behind the
vacuum vessel. After inspection of the spectra from the
84 banks, ten banks had to be rejected because of high

cL;oL; +cpbcL;4m. (b.b) ==3.4

(measured in b), where cross sections from the literature
have been used for Pb and Li (see Table I). The addition-
al reduction of the transmitted beam was ascribed to Li,
of which 0.1% will produce the effect. The spectra were
then corrected for self-shielding using the well-known for-
mula for a cylindrical sample. In correcting for self-
shielding by scattering and absorption inside the sample,
the absorption of Li and of Pb is negligible because the
cross sections are small.

TABLE I. Cross sections and scattering lengths used.

Natural Pb
Li
Li

V

b
(fm)

+ 0.94
—0.229

inc

(b}

0.80

S.l

~abs

2360'
11.6'

'At A, =4.47 A.

A. Normalization, background, self-shielding,
and absorption

All spectra were divided by the integral intensity of the
monitor in front of the furnace, and by the corresponding
integral elastic vanadium intensities, the intensity of the
vanadium spectra having been corrected by the Debye-
Waller factor. The energy dependence of the detector sen-
sitivity was also corrected.

The correction for background was performed by sub-
tracting the empty can run from ihe Li4Pb runs, and ihe
furnace run from the vanadium spectra. The difference
between the two background. spectra was negligibly small,
indicating that the scattering from the Ta container was
very weak. The small elastic peaks (integral intensities
=0.2 b) could be identified as scattering from the monitor
beyond the vacuum vessel and from the vessel itself. In
the subtraction of the empty can runs actually the
transmission factors of the Li&Pb [Ts(EO)=0.77] and of
the vanadium sample [T„(EO)=0.76] must be applied, to
account for the self-absorption of incident and scattered
neutrons in the samples. However, from the background
spectra including the Cd run, it was decided to subtract
the background with no shielding factor at all ( T= 1).
The error introduced thereby is within the statistical noise.

From the measured transmission T, =0.77 one obtains
for the cylindrical sample a linear shielding coefficient
p, =0.227 cm ' which in turn gives a total cross section
per atom cr„„,=p, ,A, /p, NL=5. 69 b (p, =3.11 g/cm,
A, =47 g/mole, and XI ——Avogadro's number). This is
much larger than the scatter:ing cross section
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B. Conversion to (q, E) spectra, detailed balance

The TOF spectra were converted from the (O, t) grid of
the measurement to a (O,E) grid (with 0 equal to the
scattering angle) by taking the E=O time from the peak
position of vanadium spectra and calculating the neutron
energy change for each time channel. Using a five-point
spline function, we then interpolated between the different
(9,E) spectra at each of the selected q values to obtain the
(q, E) spectrum. The q values were chosen as

q =4m', 'sin(0/2), i.e., each (q,E) spectrum coincides
with a measured (O,E) spectrum at E=O. Finally, the
symmetrized scattering law was calculated by multiplying
with exp(E/2k~T). The density of points per (q, E) area
obtained in this way was chosen approximately equal to
the local density of original experimental points.

C. Reduction to absolute cross sections

With the use of the known cross section of vanadium
(Table I) the vanadium measurement enables one to reduce
the Li4Pb spectra to absolute cross sections. The V sam-
ple was a rolled cylinder of the same dimension as the
Li4Pb sample; its mean density was calculated from the
transmission (T, =0.76, p, =0.233 cm ', and p„=1.18
g/cm corresponding to a packing fraction of 20%).
Knowing the size and density of the Li4Pb probe, we ob-
tain the scattering intensity in barns which at this stage
will be called I "'(q,E).

D. Correction for multiple scattering

From an estimate using the method of Blech and Aver-
bach which works well for energy-integrated multiple
scattering (MSC) in the case of incoherent scattering, one
gets for Lio 8Pbo 2 with the cross sections listed in Table I
and the ratio, tube radios/tube height equal to 0.163, a
MSC cross section of o. =0.35 b. Since this is about
10% of the single scattering cross section and may intro-
duce sizable errors, especially at low scattering angle
where the intensity is mainly determined by the incoherent
Li scattering (0.64 b per scattering unit Lip sPbp2), a

more accurate correction was needed.
MSC was calculated using Copley's computer pro-

gram. This program simulates the actual scattering pro-
cess measured by a TOF spectrometer. The main input
data are the following: the ideal scattering 1aw, the
scattering geometry, the distribution in energy and time of
the incident neutrons, and the absorption and scattering
cross sections. The ideal scattering 1aw was constructed
from the experimental spectra I "'(q,E). We have as-
sumed that MSC results predominantly from the main
peak in the structure factor where the relative influence of
multiple processes themselves is small. The spectra
I '"(q,E) are a convolution of the scattering intensity
with the resolution profile V(E),

I "'(q,E)=I'(q, E)a V(E)+IM'"(q, E)e V(E) . (11)

I '"(q,E) is the experimental MSC before resolution
broadening. V(E) has been obtained from the vanadium
spectra, which were nearly triangular in shape

(FWHM=0. 28 meV) and could well be fitted by a sum of
three Lorentzians; the energy dependence of the resolution
was neglected. For I'(q, E)+I '"(q,E) we used again a
sum of three Lorentzians because the convolution of
Lorentzians can be performed analytically. A fit of the
right-hand side (rhs) of Eq. (11) to the experimental

"'(q,E) yielded the six parameters for I'+I '" at each
q. Since the MSC correction calculated thus, I "",was
an overestimate, we had to reduce it by a factor of 0.85.
In all analyses we have neglected the possibility of a cusp
or very narrow line at E=O.

An uncertainty introduced by using the measured spec-
tra as input for the MSC calculations is the necessity of
extrapolating the scattering law used into regions actually
not measured. For q &0.5 A ' the measured energy range
is less than 3 meV, increasing to about 20 meV at q=2.5
A ', for higher q values one does not measure the E=O
ilrt of the spectrum. We have extrapolated out to q=9
A ' the areas (nearly constant) and the widths (slowly in-
creasing) of the three Lorentzians constituting I'+I
The energy extrapolation up to 20 meV at low q was sim-
ply performed by using the fitted Lorentzians in that
range.

MSC spectra were computed at every second detector
for 35 TOF channels covering the energy range —3 to
+ 16 meV. The program used 1500 neutrons which gave

sufficient statistics. The MSC intensity integrated from
—3 to + 16 meV amounted to about 0.3 b, nearly in-
dependent of the scattering angle [see Fig. 2(b) of Ref. 22].
This compares well with the value 0.35 b calculated ac-
cording to Blech and Averbach. The MSC spectra
(smoothed and interpolated) were subtracted from the
measured spectra before the self-shielding correction and
the results were then corrected for self-shielding. The re-
sulting fully corrected experimental spectra are called

IexPt( E) Imeas( E) 0 85IMcalc(q E)

The importance of the MSC correction is strongest in
the wings of the quasielastic spectra. There the intensity
is often reduced by up to 30% which has a pronounced ef-
fect on the second-moment evaluation. The MSC spectra
are included in Fig. 3. There is a slight asymmetry near
E=O the reason of which is unknown. For the higher
temperatures, MSC is slightly broader in energy, while the
energy-integrated value remains the same within 10%.

E. Results

In Fig. 1 a perspective representation of I'"p'(q, E) is
given for the three temperatures. Part of the data appears
in detail in Figs. 2 and 3 for some selected q values and
E&3 meV; the energy range E =0—16 meV is presented
in Fig. 4. Data for E ~ 16 meV are not presented since
the MSC correction was calculated only for E& 16 meV.
Also the experimental results for q ~ 2.57 A ' are omitted
since I "'(q, O) was not obtained in the present experi-
ment beyond that q value. It may be useful to state, how-
ever, that a very smooth monotonous decay of the intensi-
ty was observed outside the 16-meV limit in each of the
spectra.

The energy integral of the scattering law is extended at
most to 16 meV,
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FIG. 4. Logarithmic spectrum shapes at ten momentum
transfers for 1023 K, normalized to the E=0 value:
S„(q,E)/S„(q, 0). Fit curves are from the Mori fits with
E„;b——60 meV. Curves for q =0.57—2.57 A ' have been shifted
upward by factors of 10 '. Note the change in shape between
the third and fourth curve from below (0.8 and 1.25 A '); at
larger q, the data may suggest a "plateau and step" between 3
and 8 meV.

FIG. 5. Static structure factor I'" '(q) of liquid Lip 8pPbp 2p as
defined in Eq. (12). Dashed line: result of Ref. 15 interpolated
for 1023 K from 995 and 1075 K. Horizontal line marks cLjOLI'.
As q ~0, the concentration-fluctuation structure factor
4m.(bb) S„(q) approaches (2.75 b)(0.054) for 1023 K (see Ref.
24). Fit results for S„(q) exceed the values from Eq. (12) by at
most 5~o for all q, except for the one low point at q=0.27 and
the last five points, where the fits follow the dashed curve.

I'"~'(q) = f I'"~'(q, E)dE
min

E
+2 J I'"~'(q, E)dE . (12)

E,„(q) is the maximum energy transfer covered or 16
meV, whichever is smaller, correspondingly E;„ is
E;„(q) or —3 meV, whichever is more positive. I'"~'(q)
is presented in Fig. 5 including I (q) =0.65 b.

Besides the MSC correction, the largest sources of sys-
tematic uncertainty are presumably the conversion from
the (O, t) grid to the (q, E) grid, including the necessary in-
terpolations, and the subtraction of I'(q, E) to be discussed
in Sec. VA1.

The dynamic structure factor at zero-energy transfer,
i.e., the elastic scattering S„(q,E =0), is presented in Fig.
6.

O
E

I
o o0

oa
g 0

QI

We note here that some of the q dependences show
unexpected "fine structure" which is correlated in the
three temperatures (e.g., D in Fig. 12 at and beyond 1.8
A '). These are very likely systematic errors of normali-
zation. The reduced experimental spectra can be obtained
on magnetic media (floppy disk or tape) from one of the
authors (Soltwisch).

FIG. 6. Elastic concentration-fluctuation structure factor,
S (q, 0)/CL;cpb for liquid Li4Pb is shown as connected points,
left-hand scale, for 1023 (top curve), 1098, and 1173 K. Uncon-
nected points are lifetimes of concentration fluctuations with
wave vector q, ~„(q) as defined by Eq. (18), right-hand scale ap-
plies.
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V. ANALYSIS AND DISCUSSION

A. Diffusion approximation

TABLE II. Diffusion constants (10 ' cm /s) in liquid
Lto SoPbo. 20

1023 K 1098 K 1173 K
1. Li self diffu-sion and Li Pb-interdiffusion

At q&0.5 A ', S«(q) and thus I'(q) is very small and
the incoherent scattering from Li dominates the scattered
intensity. This is a fortunate circumstance in so far as it
allows the determination of the self-diffusion constant of
Li, D&; from Eq. (9) with little ambiguity.

Since Dr; is obtained from incoherent neutron scatter-
ing, it corresponds to the tracer-diffusion constant. For
the results see Table II. Errors are estimated to be about
+10%. These diffusion constants are lower by about a
factor of 1.5 than the extrapolation of the pure Li metal
value to the present temperatures; the apparent activa-
tion energy (between 1023 and 1173 K) is about 7
kcal/mole, much higher than in pure Li.

Inserting Dt; from Table II into Eq. (9) yields S,t;(q, E)
from which I'(q, E) is calculated using Eq. (8). Combin-
ing Eqs. (1) and (2) finally yields S«(q, E). Since the in-
coherent Li spectrum is considerably broader than the
S„(q,E) spectrum, the ensuing uncertainty of the result-
ing S«(q, E) was considered tolerable at q & 0.5 A

In principle, the interdiffusion constant D+ should be
obtained from S«(q~O, E~O) by applying the diffusion-
al ansatz, Eq. (6). For q &0.5, however, as has been men-
tioned above, I'(q) becomes very small as compared with
I'(q), and it was not possible to obtain the S«(O,E) values.
In addition, Eq. (6) does not take LG modes into account
which might exist in liquid Li4Pb, as shown in Sec. V C 1

of this paper.
However, the shape of the experimental data suggests

the application of an extension for finite q of Eq. (6),
which is obtained by substituting S„(q) for S„(0)on the
rhs of this equation. Values of D+(q) obtained in this
way have been published earlier, 4 and in Table II,
values are given for q, =1.25 A ' where S„(q)=c~c~,
and for qo ——1.5 A ', which corresponds to the peak Of

S«(q) (see lines 5 and 6). The observed narrowing of
S„(q,E) around qo is just a demonstration of the de
Gennes narrowing expected at qo. ' ' ' However, it ap-
pears noteworthy that this narrowing of the peak near
E=O derived theoretically from the second frequency mo-
ment of the dynamic structure factor is as well developed
in the case of S„(q,E) as it is for S~tt(q, E)=S(q,E) in
simple liquids. A discussion of S„(q,E) in terms of two
Lorentzians has been given in Refs. 22 and 23. The dif-
fusion ansatz for S«(q, E) suggests three additional
viewpoints to which we turn to in Secs. VA2, VA 3, and
VB.

2. Extension ofDarken's relation

As a phenomenological extension of the concept of in-
terdiffusion to finite q, we generalize S„(0)of Eq. (Sa) to
S„(q,E) by first using the conformal solution ansatz, Eq.
(5a), generalized to finite q [ W(0) and S„(0) replaced by
W(q) and S„(q), respectively]; secondly, we replace
S,',"(q) =czc~ in Eq. (5a) by the hydrodynamic ansatz for
S„(q,E),

17.5
2.9
5.8
2.4
5.9
2.3

21.3
3.3
6.9
3.2
6.8
3.0

1 DI;
2 Deb
3 D (qp)'
4 D+ (qo)

D+ (q )"
D+ (q, )'

0
'Fit at q=0.20 A ', assuming two Lorentzians, viz. , S,&;(q,E)
and S„(q,E).
"From D line 3, Dq;, and Eq. (7b).
'From Mori fit and Eq. (28).
From D line 3 using Eq. (15).

'From fitting two Lorentzians, S,I;(q,E) and S„(q,E).
At qi ——1.25 A ', we have S„(qi ) =c&;crab, thus D+ =D.

27.4
3.5
8.2
4.2
7.7
3.9

S,', (q, E)=S,', (q) E'+ I'/4 (13)

8'(q) is then determined from the known zeroth moment
S„(q),

2

(14)

—~a ~a
D+(q) =D

S„(q)
(15)

The effective-field approximation taken over from a
description of the structure thus introduced the effect of
structure into the dynamics, exactly in the same way as
given by Darken's relation, Eq. (7a) (Ref. 26), of which
Eq. (15) may be considered as an extension to finite q.
Certainly this result is only a rough approximation, not-
withstanding its possible usefulness for practical purposes.
A more precise approximation is Eq. (28). We note here
that a simple Lorentzian representation of S«(q, E) rough-
ly reproduces the observed spectra. However, there are
systematic deviations at all q values. A relation of the Eq.
(15) type has long been in use for density fluctuations in
simple fluids where it connects the coherent, collective
width with the single-particle width and the structure fac-
tor: Skold derived it for Ar as I =2fiq D, /S(q) or

S(q,E)=S(q)S,(q/&S(q), E)

using other arguments. '

Accepting Eq. (15) as correct, D+(q) leads to estimates
for D (see line 5 of Table II). From Eq. (7b) and D one
can derive Dpb also (see Table II). Dpb is not very precise
(in particular, it depends strongly on D, the value of which
depends on q), but it is smaller than an extrapolation of
the pure liquid-Pb values to the present temperatures.

That the ratio of diffusion constants of the heavy and
light component does not need to agree with the simple
scaling Dpb/Dt; —+mt;/mpb —0.18 derived from

Rearranging the resulting expression for S«(q, E), one ar-
rives again at a Lorentzian shape, which, however, has
now a width I +(q)=2fiq D+(q) with
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thermal velocities only, has been discussed for LiBr by
Lantelme et QI.

3. S«(q,E=Oj: E/astic scattering

As was mentioned in the Introduction, some processes
such as spin relaxation or solidification occur on a time
scale which is slow compared to the diffusional (or other)
motion of the concentration fluctuations. The decisive
quantity for these processes is thus S«(q, O). For this kind
of application we must look first of all for a simple
analytical representation of S„(q,E=O). Adopting the
mean-field ansatz just described which works very well for
E=O with an (nearly q-independent, T-dependent) average
diffusion constant D, one has

S„(q)
S„(q,O)=

csea ~ D

For the data see Fig. 6. Note the steep rise on either side
of q =qo, caused by the combined action of S«(q) and
1/q . The temperature dependence is extremely large, a
fact which is best accentuated by noting that a plot of the
inverse of the peak height of S«(q„o) vs T cuts zero only
10% below the melting point.

B. Concentration fluctuations and forxnation
of molecules

It has been mentioned in the Introduction that liquid
Li4Pb displays strong spatial correlations between the de-
viations of Li or Pb concentrations from the average.
This fact as well as the anomalous behavior of other prop-
erties has been related to the existence of Li4Pb molecules
by several authors (see Refs. 18, 19, and 34).

The molecular models consider an equilibrium between
a local structure, agglomerate, or molecule and its dissoci-
ated constituents, treating this mixture as a ternary or
pseudobinary system. The equilibrium concentration of
the ordered phase, i.e., of the agglomerate, is to first order
(i.e., neglecting entropy changes) determined by the in-
teraction energy W(q) of Eq. (5). This average concentra-
tion appears in the present experiment in the static struc-
ture factor S„(q): The deviation of S„(q) from c~cz is
proportional to the number of molecules; for q=O, see Eq.
(A3) of Ref. 35.

The average concentration is in fact the result of a
dynamical equilibrium, and the present paper is concerned
with the rate at which the spatial concentration-
fluctuation waves decay. The Lorentzian form for the
dynamics which we have assumed so far implies an ex-
ponential time decay of the agglomerates as in the sim-
plest version of a chemical rate equation.

For the purpose of discussion, it will be useful to give a
more precise meaning to the term "lifetime of the ag-
glomerate" which we shall call ~„: Starting from the
time-dependent form of the concentration-concentration
correlation, viz. , the intermediate scattering function

I«(q, t) =—f S„(q,E)e' '~"dE,

oI

S„(q,O)
~„(q)= Irh S„q

These times are included in Fig. 6. They show a smooth
increase toward small q values, and superimposed on it a
peak at qo. This maximum of ~„ indicates that the con-
centration fluctuation with wave vector qo, and with them
the above-mentioned agglomerates, have an increased life-
time.

The approximations used so far yield, for Eq. (18),

S„(q)r„(q)=
q D ca~a

(19)

We interpret Eq. (19) in the sense that there are two
dynamical processes involved: an average transport by
diffusion leading to 1/Dq (in chemical rate language it
may represent the need to remove or supply reactants) and
S«(q)/c~cz as a retardation due to binding of the ag-
glomerate (thus the analog of the usual exponential factor
containing the activation energy for formation of the
structure). The temperature dependence of r«(q) is dom-
inated in the present case by D.

A qualifying remark must be added: While a dis-
cussloI1 of dylla1111cs ill terms of a 1eactloll,
molecule~constituents, is illustrative, the long range of
the concentration correlations and the first-shell coordina-
tion numbers suggest that a realistic model must be more
complicated, including collective ordering; see the recent
analysis of Ruppersberg and Reiter. ' In the scattering
experiment information is obtained about the correlation
of one or two particles. These are not two "tagged" parti-
cles (as, e.g., in dipolar broadening of NMR lines). Freely
speaking, the picture emerging from the present results is
that individual atoms are wandering at a rate determined
by q DLj q Dpb but the pattern or structure lives longer
by the factor S„(q)/cgca.

This comes close to a model of interpenetrating Li and
Pb sublattices with rapid exchange mthin sublattices, i.e.,
to the quasichemical model or to a superionic conductor
with two mobile suMattices. The extreme molecular
concept —five individual atoms that stick together for a
while to form one Li4Pb molecule —goes beyond the infor-
mation derivable in the present experiment in two
respects, viz. , with respect to number and individuality.

C. Continued-fraction representation

The concentration-concentration correlations seen in
S„(q,E) are equilibrium fluctuations of a thermodynamic
variable. We have therefore used the continued-fraction
formalism which has proven so powerful a description
for many linear-response applications. The three-pole
form of it with two memory functions does indeed allow
very good fits to the data over the full range of q and E
(see Figs. 1—4). The same form has served to describe the

the lifetime of a concentration fluctuation with wave vec-
tor q is

~« = J I„(q,t)dt/2I„(q, O)
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molecular-dynamics data for molten NaCl very well. In
fact, these data of Adams, McDonald, and Singer are the
theoretical result which comes closest to the present exper-
iment, and comparison will be drawn at different places
below. The difference between a Mori and a single-
Lorentzian description can be seen in Fig. 2 of Soltwisch
et ah. "

We start from

ih'"cop Q K'/ir
S„(q,E)=S„(q)

(E %co—+Efi 0 K") +E (fi 0 K')

(20)

The various quantities and their physical implications will
be discussed in the following sections.

1. Moments and characteristic frequency

hJ

6
C40

35

0
~b

2 2

o

- 20

The zeroth moment &co & =S«(q) [Eq. (3)] is not only
the full structural information that one can get from the
scattering experiment; its importance for the dynamics
will also have become apparent by now. It is automatical-
ly satisfied by Eq. (20). In Fig. 5 we have compared the
integral f S„(q,E)dE which has been taken over the lim-
ited E range of the present experiment, Eq. (12), with that
from a measurement' using neutrons of considerably
higher energy, Eo ——167 meV. It is seen that the present
results fall, at most, about S%%uo below those of Ref. 15. If
there were strong scattering at energies beyond our range,
it would have to show up in this difference. We can thus
conclude that there can only be weak scattering intensity
outside the quasielastic region for liquid Li08Pbo2 at
T =1023—1173 K.

Knowledge of the zeroth moment fixes also cop which is
the second moment divided by the zeroth moment. It
1S10(b)

A'&co'&
& ~o= f E S„(q,E)dES„q

e~c~ A q k~T
S„(q) m'

(21)

II'= &~'&/&~'& —&~'&/&~'& =~i —~p . (22)

&co & contains the information about a characteristic fre-
quency of the system, E„;t,(q), via Eq. (23). E„;q can be
calculated, in principle, as a sum of integrals containing
the interatomic potentials and distribution functions, an
explicit expression is given by Abramo, Parinello, Tosi,
and Thornton. Then

fi &co & =cg city copI 3A copS«(q)+ [E„;i,(q)] j . (23)

cg cg 1+
mg mg 30.83ma

where m, is the atomic mass unit. With the use of the fit
values for S«(q), fi cop is presented in Fig. 7.

The fourth moment &co & divided by the second mo-
ment, coi ——&co"&/&co &, determines 0 in Eq. (20),

FIG. 7. Moments of the concentration-fluctuation structure
factor for liquid Li4Pb. Circles, triangles, and squares are for
1023, 1098, and 1173 K, respectively. A coo from Eq. (21) is for
lower set of curves and right-hand scale, and uses the fitted
S„(q). Upper set of curves is h' 0 [Eqs. (22) and (23)] for
E„;&——60 meV and refers to the left-hand scale. In order to help
in discerning data sets we have drawn connecting lines between
points in Figs. 5—13.

The necessary input information is, however, lacking for
the present system.

The characteristic mode(s) of interest here is (are) the
longitudinal optical (LO) mode(s), more correctly, the
equivalent of the LO mode(s) of a crystal. For binary
liquids of type AB the LO mode has been observed in
computer simulations, and the situation has been dis-
cussed thoroughly, e.g., by Hansen and McDonald for a
model of a monovalent molten salt, by Price, Copley, and
Rahman for RbBr, ' and by Adams, McDonald, and
Singer for NaC1.

There is also extensive analytical work on this subject;
see Refs. 41—42(d) and for a review see Ref. 11. But the
ratio of atomic masses, the 4:1 stoichiometry, and the
presence of conduction electrons make Lip spPbp 2p dif-
ferent in important respects from the molten salts con-
sidered so far in the calculations. The only experimental
evidence from a scattering experiment for the LO mode is
that Copley and Dolling have found an indication of the
expected signal in KBr. Owing to this aspect, the fact
that in Lio goPbo 20 essentially all scattering is found in the
quasielastic region as was mentioned above is not too
surprising.

At small q, E„;q(q) is expected to be of the order of the
kinetic ion plasmon frequency Ace& „„,given by

Zg Ng Zg
Acoq „„——4vre + (24)

mz V m& V

where X;/V are the number densities. ~~;,„amounts to
90 meV for Zpb ———4ZI; ———1.6, and to about 20 meV
foi' Zpg = —1.0. Present estimates for the net ionic
charges fall in that range. ' ' Another "sign" pointing to
E„.b is that in solid LiI, the LQ mode occurs at about 40
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E„;b(q)=40 (25b)

(both measured in meV) were chosen, and finally E„b was
assigned a weak dispersion which was arbitrarily assumed
as

E„;b(q)=20 meV 1+
2

~q/qo
(25c)

a shape which is in the region of interest similar to that of
Bosse and Munakata. " The values for Q resulting from
E„;b——60 meV are presented in Fig. 7. Fit results are
presented below for all temperatures using E„.b ——60 meV.
The dependence on E„b will be demonstrated by present-
ing the fit results based on Eqs. (25a)—(25c) for the 1023-
K data only, because this set was found to be the most
sensitive of the three. Figure 8 shows the systematic trend
of X values for the data measured at 1023 K. The data
taken at 1098 and 1173 K behave very similarly, again
disfavoring (25c) for 1 & q & 2 A

l

IO23 K

Og)

P~~ aa a

0 0

~0C0 0
00 QyyP

0
0 0

meV for q=O (Ref. 45); scaling this value with the melt-
ing temperatures, one arrives at 60 meV for Li4Pb. We do
not know how the presence of several optical modes and
their coupling to other modes, incomplete ionicity, the
presence of electrons, disorder, and high temperature may
possibly influence E„.b. We have therefore decided to use
somewhat arbitrary estimates for E„;b(q) in Eq. (23) and
to check their influence on the fit parameters. Three dif-
ferent choices were made: two q- and T-independent
values of E„.b, viz. ,

E„;b(q)=60

2. Memory fu-nction ansatz and fits

The importance of a good choice for the memory func-
tion K(t) is obvious because as a consequence of using the
Mori form, most of the detailed information is contained
in K, including the coupling of the single variable con-
sidered (concentration) to all other degrees of freedom.
First, we have tried a single relaxation-time approxima-
tion,

K(q, t) =exp[ —
~

t
~
/rx(q)] .

However, definitely unsatisfactory fits were obtained for
most of the q range.

The necessity for an ansatz with two relaxation times
for the memory function of charge fluctuations had been
pointed out by Hansen and McDonald and expounded by
Adams, McDonald, and Singer. For diffusion it was
used and discussed in Ref. 33. Recently, it was successful-
ly applied to damping of a plasmon mode by Bosse and
Munakata. "We therefore used the following ansatz:

K(q, t) =ae '+(1—a)e

whence

A/r2 ~/ry
K'(q, E)=a, , +(1—a)

E +(a/r2) E +(&lr&) (26)

K"(q,E)= —a z
—(1—a)

E +(filr2) E +(A/r))

The use of Lorentzian shapes for K should be adequate in
the quasielastic region. The set of free parameters
for each spectrum (q, T fixed) is thus S„;a;y/2
=R/rz, I /2=Pi/r&. Illustratively, the parameters y and
I determine the rate at which the otherwise "free" oscilla-
tion of concentration fluctuations at the effective frequen-
cy 0 is damped.

The fits obtained with this model have been included in
Figs. 1—4. Small and large energy regions are displayed
separately with better resolution in Figs. 2—4. The agree-
ment reached is considered to be of the order of the sys-
tematic experimental errors involved (cf. Sec. IVE), and
can be judged from Figs. 1—5 and 8.

In Figs. 9—11 we present the resulting parameter sets a,
y, and I . They will be discussed in Secs. V C 3 and V C4.

It should be noted at the outset that although parameter
values are presented for all q, some are of little signifi-
cance: those at low q (q &0.8 A) are very uncertain be-
cause there incoherent scattering from Li [I'(q)] dom-
inates, and also any value for y is insignificant if
a & 10,which occurs in Fig. 9(a) for T= 1173 K.

FIG. 8. Fit quality of Mori fits to 1023-K spectra. Values of
P square obtained by using the ansatz E„;b(q) of Eq. (25c) are
circles (right-hand scale). Normalized to these values and refer-
ring to the left-hand scale g squared for three other choices of
parameters are presented: triangles —E„;b——40 me V, and
crosses —E„;b——60 meV. (Vfe remark here that the higher tem-
peratures give rather similar results. ) Included as squares are
the results obtained when E;b(q) from Eq. (2Sc) is used and y(q)
is set fixed to 1.2 meV [see Fig. 10(b)].

3. Results for the memory function at E=O
and connection to diffusional description

We start again with the elastic scattering, E=O, where
the combination of parameters

ficoov;, (q) =tri 0 (q)K'(q, O) =A'II (q)[ar2+( I —a)r&]
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ferent scales.
an our parameter choices with vwith values and designations as in Fig. 9(b). Note the dif-

ksT kiiT
m*6'0 ( )IC'( 0) m* (28)

is the quantity of importance. Equation (27) h f~ n s ows&cc o
q. ( ) to be an average of ri and rp, this quantity can be

taken from Fig. 12 via Eq. (28) for the three temperatures.
We would like to establish here a connection to the dif-

usion description, and do this by requiring agreement be-
tween the hydrodynamic [see Eq. (16)] and Mori [Eq. (20)]
forms for S„(q,E =0), whence

e

in agreement with Eq. (19). The corresponding result has
een derived by Sears for density fluctuations by compar-

ing the FWHM of the Mori form (with two time con-
stants in the memory function) with a Lorentzian [see Eq.
(34) of Ref. 46]. We present D in Fig. 12.

An interesting feature of Fig. II2 is that essentially no
trace of the peak structure at qo has survived. However,
the remaining —though weak —q dependence makes an ex-
trapolation of D to q=0 less reliable than was thought ear-
ier. "

4 ~a
Q

oo
D

a O

q(A )

I

2 q(A ')

FIT+. 12. (a) Diffusion
'

n constant D of liquid Li4pb derived from the Mori fit arame
~ ~ ~

~ ~ 4 o o p Og q( ). p
a so at t is igure gives essentially the de endence

Same for 1023 K and four parameter choice
'

h
e q epen ence of 1/E''(q, O) because 0 =const (Fig. 7). (b)

e er c oices wit values and designations as in Fig. 9(b).
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A pictorial discussion of the relation between effective
correlation time (here r) and the underlying dynamical
process [here characterized by Q(q) and its correlation
time K'(q, O)/R] has been given for an analogous case in
orientational diffusion of spins in Ref. 47. When compar-
ing Eq. (28) with the usual expression for diffusion,
D = (k~ T/m)7, one is led to interpret

r(q) = [frQ (q)1(. '(q, O)]

as an effective velocity autocorrelation time of "the aver-
age" single particle; see the definition of D in Eq. (7b).
While ~„was a "lifetime of agglomerates, "7 corresponds
then to the effective time constant for diffusion as used,
e.g., in Ref. 33, the concept being generalized here to finite
q values. This view is corroborated by comparing with the
analytical treatment of density fluctuations in a monatom-
ic liquid as developed by Sjogren and Sjolander. In their
theory for S~z(q, E)=S(q,E) they point out that the
quantity mq S(q,O)/S(q), which in the present case of
S«(q, E) is just 1/(ficzcttD) &x [r(q)] ' [Eqs. (16) and (28)],
may be described as a sum of two terms: the first derives
from self-diffusion of a tagged particle, the second from
hydrodynamics of the surrounding. Now in both Ar and
Rb, the diffusional term [called q F, (q, O) in Ref. 48],
which includes fast, collisional, as well as slow processes
in Ref. 48, shows a very weak decrease with q. The corre-
responding fast and slow channels are here contained in
the ansatz for EC and in Eq. (27); the weak q dependence
can be seen in Fig. 12. On the contrary, the hydrodynam-
ic term shows a strong q dependence in Ref. 48 but there
seems to be no correspondence in the present case. The
agreement with respect to the diffusional term is thus in
accord with the fact mentioned, viz. , that D is an averaged
single-particle diffusion constant.

We compare now with the Mori fit of the molecular-
dynamics data of Ref. 8 for molten NaC1; the tempera-
tures are very similar, 1.015Tm for NaC1, while 1023
K.=1.04T for Lip spPbp 2p. The values for r(q), Eq. (28),
of the longitudinal charge-charge correlation were calcu-
lated by inserting the parameters o., ~&, and ~2 given in
Ref. 8 for the present parameters a, A/I, and A'/y, respec-
tively, and as an approximation cpLo for 0; the resulting
curve for D displays an increase by a factor of 10 from
small q to the position of the structure peak (qp).

The NaC1 data for A Q(q) K'(q, O) thus behave com-
pletely differently from the Lip spPbp2p data. Actually
this is not surprising because the LO mode is well
developed in NaC1 and its strong dispersion dominates the
q dependence of 7. Thus the comparison of the scattering
at E=O in the present system with monatomic liquids (Ar
and Rb, Ref. 48) and with computer simulation of a mol-
ten salt (NaC1, Ref. 8) supply indirect evidence that there
is no mell-developed mode in Lco.sopbo. 2o

4. Results for microscopic parameters
of the memory function

The fit results for the three microscopic parameters
determining K(t) are presented in Figs. 9(a), 10(a), and
11(a) where E„;b——60 meV was used. Their dependence on
E„;b is shown in Figs. 9(b), 10(b), and 11(b) for the 1023-K

data. In Figs. 9(b)—ll(b) the corresponding results for
molten NaC1 from Ref. 8 have been included, scaled at
q=1.25 A ' to the fit results which are based on Eq.
(25c).

In Figs. 9(a)—11(a) one notes the strong temperature
dependence of the parameter a of the slow part of K, and
a weak temperature dependence of the fast part, 1 —a and
I'. The strong temperature dependence of D and 7. [see
Fig. 12(a)] is thus due to a rapid buildup of the slow pro-
cess as T is lowered toward T~. We mention here that the
diffusion constants (DL;, D, and also D+; see Table II)
have apparent activation energies Ez in the range of 6—8
kcal/mol (where the uncertainty of E is of the order of the
differences between the three values). That these values
are in accord with the "rule of thumb" Ez —3.7k&T
may be useful for applications of the present findings to
other heterocoordinated alloys.

From Figs. 9(b)—12(b) we may note that the charac-
teristic q dependence of a, y, I, and D apparently does not
depend critically on the value assumed for E;b as long as
the dispersion is reasonably small (although the numerical
values of a and I do). This is mainly due to the fact that
Q is very likely larger than the E range covered by the ex-
periment (see the end of Sec. V C 1).

Comparisons with the NaC1 parameters of Ref. 8, the
dashed lines in Figs. 9(b)—11(b), can only be drawn with
strong mental reservations because of the qualitative
difference between the systems. When it is nevertheless
done, one notes agreement in some respects: order-of-
magnitude ratio between y and I, a « 1 [these two state-
ments apply also to the fast and slow memory functions in
molten LiBr (Ref. 33)], sharp kink of a below qp, and
weak q dependence of y and also of I if q&1 A '. But
there is at least as much disagreement, even qualitative:
indication for saturation of a at q & 1 A ', and rise of I
below 1 A '. Both these features appear to be essentially
independent of the choice of E„;b. The slow time constant
1/y is essentially q independent for 1023 K as is ~z in
NaCl.

When one tries to analyze the agreements or discrepan-
cies, one must try to understand the physical mechanisms
behind the slow and fast memory part. At the present
stage, we can only offer some speculations.

It appears plausible to us that the fast part I in the
form found for NaCl and for Li4Pb at larger q (q &qp),
i.e., q independent, should be ascribed to the near-field in-
teractions, in particular to collisions. There is an obvious
discrepancy between NaC1 and Li4Pb in the fast memory
channel for smaller q, I (q&1 A '). We would like to
speculate here that the increase of I is due to an addition-
al process and that its explanation may lie in the fact that
I increases in the q range below the inverse effective
shielding length A, of the conduction electrons which has
been derived by Evans et al. from S„(q) as A,=l A. '

The increase of I for q&1 A ' may then be due to the
possibility of relaxation of the characteristic
concentration-fluctuation excitation, by energy transfer to
conduction electrons (which are in turn coupled to other
degrees of freedom), i.e., due to the fluctuation aspect of
Joule heating, observed on the ions. The hypothesis is
checked qualitatively in the Appendix by deriving from
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the known electrical resistivity an order-of-magnitude
estimate of the rate of perturbation of ionic motion. A
possible contribution to I of the order of 0.1 eV is ob-
tained. More precise measurements will be necessary to
resolve this question, mainly because incoherent scattering
from Li is by no means negligible in this q range (see Fig.
3).

As to the parameter a which determines the importance
of the slow part of the memory function, it may be helpful
to remember that in the Mori description of S(q,E) of
monatomic liquids a is determined by the ratio cz/c„(see,
e.g., Refs. 46 and 51), i.e., by the stability against iso-
thermal and adiabatic density fluctuations, because
cz/c„=(BV/Bp)T/(BV/Bp)s. A similar relation might be
expected to apply to S«(q, E) since S«(q) corresponds to
the stability against concentration fluctuations [Eq. (4)].
The combination of parameters of the Mori description
which equals c~/c„—1 in a monatomic liquid may be
evaluated for the present case, where it is

(29)

Numerically, one obtains values of the order 0.5, . . . , 1

(depending on E„;b and T) (see Fig. 13). The value for
NaC1 (Ref. g) is 0.02 at the structure peak, and in liquid
Ar it was 1.2, independent of q. A possible qualitative
conclusion from this observation, a not small compared to
1, is that excitation of the two independent variables ther-
modynamically determining the concentration c ( T and p )

are strongly coupled.

VI. SUMMARIZING REMARKS

The present study is, to our knowledge, the first scatter-
ing experiment on the microscopic dynamics of hetero-

coordination in a binary real liquid. For experimental
reasons we have chosen Lio 8Pbo 2, a liquid which is more
complicated than the binary liquids studied so far in
theoretical or computer-simulation work; we had also to
restrict the energy and q range covered.

Quasielastic scattering from liquid Lio 8pPbp 2O ex-
hibits a strongly peaked structure centered at q = 1.5
A ',E=O, due to its now well-known strong CSRO. A
diffusional interpretation of the data yields the interdif-
fusion constant D+ at finite q which can be related in a
simple, approximate way to the self-diffusion constants
and the structure [Eq. (15)]. It also allows a rather precise
description of the zero-frequency spectral density
S«(q, E =0), which in the present system almost diverges
around q=1.5 A ' as T~T . We have also compared
the concentration-fluctuation picture with the concept of
formation of "molecules" or "aggregates" and derived es-
timates of the corresponding lifetime (see Fig. 6).

Application of these concepts to other liquids with
compound-forming tendency requires either S„(q) plus
the self-diffusion constants, or more realistically, thermo-
dynamic data and a model for the short-range order ex-
pected (both often exist), plus data or estimates for the
self-diffusion constants of the constituents; information
on the latter seems to be rare.

An interpretation which is more satisfactory from the
formal point of view is the third-step Mori description.
As a key input it requires the eigenfrequency (versus q) of
the variable considered, E„;b in Eq. (23). No evidence for
an underdamped optical mode could be seen in the present
experimental data, nor was clear evidence for it found in
the analysis; however, the fits suggest E„b& 20 meV. Yet
the spectral shape might be somewhat less smooth than
what has so far been apparent from fitting the Mori ex-
pression Eq. (20). This is suggested by a slight but seem-

a= W~~~~o no

q{A')

FIG. 13. (a) Coupling parameter a'=a Q /coo introduced in Eq. ','29) for liquid I.i4Pb. Three temperatures are designated as in Fig.
9(a). (b) Same for 1023 K and four parameter choices with values and designations as in Fig. 9(b).
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ingly systematic modulation of the data around the "best-
fit curves. " We present a plot which emphasizes this fact
in Fig. 4, not without repeating that the magnitude of the
deviations noticeable at E)3 meV is of the order of the
systematic uncertainties of the present experiment which
was aiming mainly at the quasielastic region.

Concerning the microscopic parameters derived there is
independence of the major uncertainty (namely the value
of E„;b) in the values and q dependence for y, D, and a',
and essential independence of the shape versus q for a and
I. For the memory function K(q, t) a sum of two ex-
ponentials has been successful. The shape of X(q,E =0)
suggests that it is dominated by single-particle diffusion.
K achieves an essentially complete overdamping of the
characteristic (i.e., LO) mode.

This may be compared with analytic calculations for
molten salts by Gaskell. As to the details of E(q,E),
several gross features are similar to those found for liquid
NaC1, notably the relative importance and relative time
scale of a "slow" and "fast" channel. There appears to be
one contribution to the fast channel which is active only
for q & 1 A ' (Fig. 11); it may be the dynamic signature of
the presence of conduction electrons in liquid Li4Pb.

From the comparison with the NaC1 results we con-
clude that some effects play less of an explicit role than
might have been anticipated: the large mass ratio and the
large number ratio, or the polarizabilities which we would
expect to be large in the present system. However, it
might be their combined action which is responsible for
the overdamping of the LO mode. The fact that polariza-
bility of the ions leads to considerable changes of the
dynamic properties of a molten salt has been demonstrat-
ed clearly in computer-simulation work. Finally, it may
be stressed again that the temperature dependence of the
quasielastic (and in particular the E=O) spectrum is very
strong; this temperature dependence is essentially due to
the slow memory channel.
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APPENDIX

The influence which the scattering of conduction elec-
trons from concentration fluctuations has on the dynam-

ics of the concentration fluctuations themselves is in a
way the inverse of Baym's problem. It will be con-
sidered here in a very rough estimate, using nearly-free-
electron (NPE) approximations throughout. The experi-
mental value for the electrical resistivity is
p=1/o=5&&10 Qcm. Conduction is essentially all
electronic (from the order of magnitude) and determined
by scattering of electrons off concentration fluctuations
(from comparison with pL; or pub}. In
1/p=(N, /V)(e /m)~, we estimate the electron density
N, /V in two ways. (a} The screening length 1/1, =1 A
from' points to about 2 free electrons per formula unit
Li4Pb or kF—0.85 A '. This is derived from

=2me kF/M with kF (3~ —N—, /V)' The. density
reduction of 20%%uo (Ref. 56) was taken into account. (b)
Following the suggestion of Nagel and Tauc that the
structure factor S„ is the main determinant for ordering
energy, one may expect 2kF to coincide with qo (neglect-
ing ionic contribution to the bonding though); thus
kF ——0.75 A or 1.3 electrons per formula unit. With the
use of 1.4 electrons per Li4Pb, the NFE ansatz yields (in s)

&, =0.56~10

0
corresponding to a mean free path of 9 A or two times
2m /qo.

The number of collisions which each formula unit un-
dergoes per time follows from N, /~, =Nf /rf, with Nf /V
as the number of formula units per volume, as
1/1f =2 5X10' s. '. [As to the meaning of rf, 1/~f is
part of the rate 1/~& introduced by Eq. (26).]

The number of collisions needed to relax the charac-
teristic excitation can be estimated from the momentum
or energy change imparted on the lighter atom, Li, by the
electrons. The relative momentum change per collision is
=26k+/p L;

——0.08, while the energy change is
2A'JUL;/EL; ——0.34, both from ELI-AT and the prev-
alence of large-angle scattering events for p. Energy relax-
ation is thus expected to occur faster than momentum re-
laxation, roughly after (1/0.34) =10 collisions due to the
random nature of the collisions. That leads then to a
damping rate of 0.25 X 10' s ' or I =165 meV. With the
rough assumptions used, this can of course be an order-
of-magnitude estimate only. For q —+0, the process con-
sidered is presumably connected to the additional
Lorentzian caused by (electronic) heat conduction [see re-
mark after Eq. 6(b)].
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