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The structural properties of liquid equiatomic alkali-metal —lead alloys APb, with A =Na, K,
Rb, and Cs, have been studied with neutron diffraction. The experimental data are reduced to the
neutron-weighted total structure factors S(Q) and radial distribution functions n (r). In all the sys-
tetns studied, S(Q) is characterized by a first sharp diffraction peak (FSDP) at Q —I A ' and n (r)

0

by structure in the first coordination shell at r = 3—4 A, both features indicating the presence of po-
lyatomic structural units. Two types of structural models have been fitted to the experimental data,
both based on consideration of such units: the random packing of structural units model, and the
reference interaction site model. The structures of the units are derived from powder-diffraction
measurements made with the same instrument on solid polycrystalline samples. Allowing for a
slight expansion of the units on melting and using physically reasonable values for the adjustable pa-
rameters, both models give satisfactory agreement with the experimental data and are used to give
the partial structure factors and pair distribution functions. Inelastic-scattering measurements have
been made on one system, liquid KPb, using a spectrometer at the same source. These yield a value
for the mean difFusion constant, D =1.2+0.2X10 ' cm /sec, and a smoothly varying inelastic
scattering spectrum with no indication of excitations of a molecular character. The FSDP remains
well defined when the inelastic scattering is integrated over small energy transfers, indicating a life-
time of 10 ' sec or longer for the intermediate-range order responsible for this peak.

I. INTRODUCTION

A recent investigation of the structure of liquid equi-
atomic KPb by two different groups' revealed the pres-
ence of a first sharp diff'raction peak (FSDP) in the total
structure factor S(Q) at low wave vector, Q —I A
The FSDP was interpreted as a clear manifestation of the
existence of K4Pb4 structural units in the liquid; the
atomic structure of these units was assumed to be similar
to that reported in the corresponding intermetallic solid,
consisting of nearly regular Pb4 tetrahedra surrounded by
K4 tetrahedra oriented in the opposite direction.

The electrical ' and thermodynamic properties of
these liquid alloys have interesting features that can be
summarized as follows. In the Na-Pb system, the electri-
cal resistivity as a function of alloy composition reaches a
maximum of 445 pQ cm at Na4Pb, and a small shoulder
of 290 pQ cm is reported at NaPb; the excess stability
shows maxima at both compositions, but the excess heat
capacity of NaPb is small and has a negligible ternpera-
ture dependence. In the K-Pb, Rb-Pb, and Cs-Pb alloys,
only one maximum is reported in the electrical resistivity
at the equiatomic composition with typically nonmetallic
values, e.g., 7000 pAcm for CsPb with a large negative
temperature coefficient, —115 pA cm K '. The excess
stability for K-Pb (Ref. 7) and Rb-Pb (Ref. g) exhibits one
maximum at the equiatomic composition, while the ex-
cess heat capacity for KPb, RbPb, and CsPb increases
with decreasing temperature, reaching unusually large
values in the vicinity of the melting point.

The objective of our study was to investigate the struc-
ture of these alloys in the liquid and solid states. The aim
was to detect anomalies or signatures, if any, in the struc-
ture to explain the electrical and thermodynamic proper-
ties. The crystalline structures were also determined,
since they could have direct implications on the interpre-
tation of the liquid structure, as was the case in our previ-
ous work on liquid KPb. Several questions are needed
to be addressed, e.g. , what are the structural differences
between NaPb on the one hand and KPb, RbPb, and
CsPb on the other? Does the Zintl ion, Pb4, present in
the solid survive the melting process in these alkali-
metal —lead alloys?

In this paper, we report results of neutron-diffraction
experiments on liquid and polycrystalline NaPb, RbPb,
and CsPb and on polycrystalline KPb carried out at the
Special Environment Power Diff'ractometer' (SEPD) at
the Intense Pulsed Neutron Source (IPNS) of Argonne
National Laboratory. The atomic structures of the crys-
talline materials were derived by standard Rietveld
analysis. Structure factors obtained for the liquid phase
were analyzed in terms of structural units deduced from
the crystalline structures.

The presence of structural units of the form A4Pb4, in-
dicated by the present neutron-difFraction results and
thermodynamic measurements, suggested the possibil-
ity of observing the internal vibrations of these units
spectroscopically. Because of the high conductivity, in-
elastic neutron scattering appeared to be a more promis-
ing approach than optical spectroscopy. A recent mea-
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surement" of this kind on vitreous GeSe2 glass revealed
the four characteristic vibrational frequencies of the
Ge(Se, &2)~ tetrahedra that make up the network of this
glass. Measurements on KPb at room temperature. and
slightly above the melting point were carried out at the
Low Resolution Medium-Energy Chopper Spectrome-
ter' (LRMECS) at IPNS.

In the following, we report the information obtained
about the structure of these alloys and identify correla-
tions between the electrical and thermodynamic proper-
ties and the structural data.

II. EXPERIMENTS
A. Neutron-diffraction measurements

Thin-walled vanadium crucibles (about 0.02 cm) with
an internal diameter of 0.64 cm and a height of 6.35 cm
were used as containers. They were first fired at —800 C
in high vacuum to eliminate any oxide coating on the sur-
face. Equiatomic alloys were taken from the contents of
capsules used earlier for a heat-capacity determination by
drop calorimetry, were crushed, and were loaded into
the vanadium crucibles inside a high-purity, helium-filled
glovebox. The amounts were carefully weighed and con-
trolled to ensure a height of at least 5 cm in the liquid
state. This procedure was followed for two reasons.
First, when we attempted to load the alkali metal and
lead directly into the vanadium crucibles, the thin walls
were distorted upon heating, presumably due to the
changes accompanying the formation of the alloys. Such
reaction did not occur when the thin-walled crucibles
were loaded with already-formed equiatomic alloys, such
as those used in the calorimetric measurements. Second,
the use of the same materials could present considerable
advantages in correlating results obtained in different ex-
periments. An empty crucible with the same dimensions
were similarly prepared and used to measure the contri-
bution of the container scattering. All vanadium cruci-
bles were hermetically sealed using electron-beam weld-
ing.

Time-of-flight (TOF) diffraction measurements were
carried out at SEPD. The crucible was mounted in a
high-temperature, vanadium-foil vacuum furnace. Sam-
ple temperatures were monitored with a thermocouple lo-
cated in the pedestal base supporting the crucible and in
close contact with it. Polaroid film exposures were made
with a neutron camera to ensure that the sample was cen-
tered in the incident beam, which was collimated to a 5-
cm height and a 1-cm width. Data were collected simul-
taneously in eight separate groups of detectors positioned
about scattering angles of +150', +90, +60', +30', and—15' with respect to the incident beam. A measurement
was first made in the solid phase and analyzed using the
Rietveld refinement technique; the sample was then heat-
ed and measurements of the liquid were carried out in the
vicinity of the melting point. For background subtrac-
tion, measurements of the empty crucible were made at
an average temperature of 900 K. For purposes of instru-
ment calibration and data normalization, measurements
were also made with a 0.64-cm-diam vanadium standard
and with the spectrometer empty, both at room tempera-
ture.

B. Inelastic-scattering measurements

Inelastic-scattering measurements were made on KPb
in both solid (300 K) and liquid (870 K) phases. The sam-
ple was encapsulated in a vanadium tube 1.11 cm in di-
ameter, with the KPb sample covering the full height of
the LRMECS beam, 10.16 cm. The sample was installed
in a furnace used in an earlier measurement' on molten
RbBr, consisting of a spiral tantalum wire around the
sample and a molybdenum radiation shield. The liquid
temperature was maintained at 870+10 K. Runs were
made with the solid and liquid samples and an equivalent
empty container. An incident energy of 50.7 meV was
used, and the scattering was observed in 32 groups of
detectors spanning scattering angles (t from 2.4' to 116.7 .
The energy transfer E=EO —E&, where Eo and E& are
the incident and scattered energies, was obtained from
time-of-Aight analysis of the scattered neutrons.

The detector groups were normalized by means of an
independent measurement on a room-temperature vana-
dium sample. Data were analyzed using standard pro-
grams. ' The resolution function of the spectrometer
was calculated with an analytical procedure. It has a full
width at half maximum of 2.8 meV and a slightly
asymmetrical shape, with a tail extending toward the
negative E side, reAecting the asymmetry of the source
pulse as a function of time. Multiple scattering was not
corrected for but was estimated to be on the order of
10% of the primary scattering.

C. Results and discussion

l. Determination of the crystal structures

The room-temperature x-ray crystal structure of NaPb
was first reported in 1953 by Marsh and Shoemaker. '

Hewaidy, Busmann, and Klemm' found KPb, RbPb,
and CsPb to be isostructural with NaPb, based on
analysis of x-ray-diffraction powder patterns. No further
structural details were obtained. NaPb crystallizes in the
tetragonal space group I4, lacd, with 32 formula units
per unit cell. In this structure, the Pb atoms lie on gen-
eral positions forming nearly regular Pb~ tetrahedra.
There are two crystallographically distinct Na atom sites,
Na(1) at special positions equivalent to (x,0, —,

'
) and Na(2)

at positions (y, —,
' —y, —,

' ). Marsh and Shoemaker' approx-
imated the Na atomic parameters x and y as 0.375. The
precision of these parameters were poor, since the x-ray
scattering amplitude of Na is only about —,

' that of Pb.
The coherent neutron-scattering length for Pb is 9.405

fm; these lengths for Na, K, Rb, and Cs are 3.63, 3.71,
7.08, and 5.42 fm, respectively. ' Thus, the neutron-
scattering lengths of Na and Pb are within a factor of 3,
much closer than the x-ray scattering amplitudes. The
scattering length of K is similar to that of Na, while Rb
and Cs are relatively strong scatterers. As a result, our
neutron-diffraction refinements can be expected to pro-
duce high-precision structural data for all atoms.

Data from the +150' data banks for NaPb at 570 K
and KPb, RbPb, and CsPb at room temperature were an-
alyzed with the Rietveld refinement technique modified
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for use with TOF data from a pulsed neutron source. '

Conventional background scattering data were fitted with
a six-parameter analytical function. ' ' The range of re-
ciprocal space analyzed in each case was 0.86—3.97 A
The final Rietveld refinement parameters are presented in
Table I, along with the parameters of Marsh and
Shoemaker for NaPb at room temperature. ' Measured
solid densities are from Hewaidy et al. '

All structures are refined satisfactorily with the
I4, /acd space group reported by Marsh and Shoemak-
er. ' They can be described in terms of the coordination
of 3 atoms ( A =Na, K, Rb, and Cs) around the Pbz
tetrahedra. The closest shell consists of four 3 (1) atoms
situated opposite the faces of the Pb4 tetrahedron, form-
ing a larger tetrahedron oriented in the opposite direc-
tion. The second shell consists of four A(2) atoms locat-
ed at the corners of a square opposite the edges of the Pb4
tetrahedron. All of these A atoms are shared by two
neighboring Pb4 tetrahedra.

Considering now the coordination about individual
atoms, each Pb atom has three nearest neighbors, the
other atoms in the Pb4 tetrahedron, and seven neighbor-
ing A atoms [four A(1) and three A(2)]. Each 2 atom
has, on average, seven nearest-neighbor Pb atoms and
four to five neighboring 3 atoms. The latter are further
away than the Pb atoms, but less so for the heavier alkali
metals.

A comparison of the neutron-diffraction results for
NaPb at 570 K with the x-ray results at 295 K shows
measurable but minor differences. The neutron results
are clearly of higher precision, primarily due to the small-
er scattering contrast between Na and Pb. Moreover, the
positional parameters of Na(1) and Na(2) deviate from
the estimates of Marsh and Shoemaker by about 5—6
times the estimated (Rietveld refinement) error. In most
other respects, the x-ray results are very representative of
the more precise neutron results.

Lattice parameters for the remaining materials foHow

TABLE I. Crystallographic data for NaPb, KPb, RbPb, and CsPb.

ao
co
V, A

p (g cm )

p (gcm ')

A(1),' x
A(2), ' x

Pb, x
Pb, y
Pb, z

Pb-pb, 2X
Pb-Pb, 1X
Pb-pb, 1X

A(1)-Pb, 2X
A(1)-Pb, 2X
A(1)-Pb, 2X
A(1)-Pb, 2X

A {2)-Pb,2X
A(2)-Pb, 2X
A(2)-Pb, 2X

A(1)-A(2), 2X
A(1)-A(2), 2X

A(2)-A(2), 1X

RF2, " %
R tt)p y

f
pt

NaPb'
RT

10.580(5)
17.746(15)

1986.42

6.18
6.16

0.375
0.375

0.0696(13)
0.1186(12)
0.9383(8)

3.162(20)
3 ~ 146(20)
3.642(20)

3.39(10)
3.49{10)
3.56(10)
3.62(10)

3.36(10)
3.42(10)
3.48(10)

3.70(10)
3.70(10)

3.74(10)

NaPb
570 K

10.7197(1)
17.8617(3)

2052.50(5)

5.96

0.3811(9)
0.3715(7)

0.0667(2)
0.1187(2)
0.9378{2)

3.166(4)
3.158(5)
3.668(4)

3.502(7)
3.505(8)
3.575(2)
3.631(3)

3.408(3)
3.455(7)
3.502(2)

3.703(7)
3.744(10)

3.895(20)

11.7
5.3
4.7

KPb
RT

11.5372(1)
18.8698(2)

2511.70{3)

5.20
5.21

0.3682(4)
0.3771(2)

0.0618(1)
0.1301(1)
0.9335(1)

3.118(2)
3.113(2)
4.164(2)

3.807(4)
3.838(4)
3.812(1)
3.860(1)

3.682(1)
3.802(3)
3.816(1)

4.044(4)
3.965(4)

4.011{8)

9.0
5.0
3.4

RbPb
RT

11.8986(1)
19.4406(3)

2752.32(4)

5.59
5.65

0.3626(3)
0.3800(2)

0.0616(2)
0.1350(I )

0.9312(1)

3.098(3)
3.105(3)
4.430(3)

3.936(3)
3.979(3)
3.951(2)
3.975(2)

3.832(2)
3.944(3)
3.975(2)

4.204(3)
4.079(4)

4.037(6)

7.9
5.2
44

CsPb
RT

12.2561(1)
20.0238(4)

3007.80(6)

5.92
6.01

0.3576(4)
0.3802(3)

0.0610(2)
0.1404(2)
0.9297(1)

3.086{3)
3.074(4)
4.691(4)

4.073(5)
4.109(5)
4.083(2)
4.112(2)

3.978(2)
4.064(4)
4.136(2)

4.375(4)
4.160(5)

4.154(10)

7.7
5.4
4.8

'X-ray structure of Marsh and Shoemaker (Ref. 15).
A (1) corresponds to Na(1), K{1),Rb(1), Cs(1).

'A (2) corresponds to Na(2), K(2), Rb(2), Cs(2).
"RF2=100.0X j g [~I(obs) —I(calc)(]/g ~I(obs)(.
'R ~=100.0X[ g WX[Y(obs) —Y(calc)]'J'~ /[ g Y(obs) [' . 8'(TOF) isweight, and Y(TOF) isneutroncounts.
R,„~,= 100.0[N/ g W X Y(obs) ]',where N is the number of degrees of freedom.
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the expected trend: increasing in the order
NaPb~KPb~RbPb~CsPb. A-Pb and A- A distances
and the separation between Pb4 tetrahedra follow similar

0
, trends, although there is a 0.10—0.20-A spread in first-

neighbor distances. The sizes (edge lengths) of the Pb4
tetrahedra are apparently governed by the alkali-metal
packing arrangement, which decreases systematically in
the order NaPb~KPb~RbPb~CsPb.

Anisotropic Debye-Wailer factors are presented in
Table II. The values for NaPb at 570 K are higher than
those for KPb, RbPb, and CsPb at room temperature, as
expected. Anisotropies are observed for NaPb and KPb,
which may be due to preferred orientation in the materi-
al, although the values obtained were not affected by a
preferred orientation correction.

All refinements revealed thermal diffuse scattering
components slowly oscillating about the baselines of the
crystalline patterns; they were removed using a Fourier-
filtering technique. '

2. Determination of the liquid structure

The liquid-phase data were analyzed with standard
procedures developed at Argonne National Laboratory
for glass and liquid diffraction data, incorporating simple
corrections for multiple scattering and inelasticity effects.
Data from the detector groups at +150 were omitted be-
cause of lower statistical quality, and those at —60' be-
cause of detector problems. The data for the different
groups were combined with a Aux-weighting technique.
The measured differential cross section is reduced to the
total structure factor S(Q) according to the Faber-Ziman
definition:

dQ
=

& b )'[S(g)—1]+& b'),

where (b) = g, x, b, and (b ) =. gx;b;, x; is the atom
fraction, and b; and b; are the mean and mean-square

scattering amplitudes for element i averaged over the nu-
clear isotopes and spins for that element. S (Q) as defined
in Eq. (1) has the property that S ( Q )~ 1 as Q ~
which was used to obtain the final absolute normalization
of the results.

The real-space functions complement the reciprocal-
space information. The pair distribution function g(r)
and the radial distribution function n (r) can be derived
by using a Fourier transform or the method of maximum
entropy. Details on the technical refinements needed to
accurately derive g (r) and n (r) are described else-
where. The following equations were used to calculate
these quantities:

and

D(r)= —I [S(Q)—l]sin(gr)Q dg,
0

g ( r ) =D ( r ) l4rrr p0+ 1,

(2)

n (r) =rD (r)+4mrpo, . (3b)
0

where po is the total number density and Q,„(20A
Figures 1(a)—l(d) show the total structure factors for

APb alloys ( A =Na, K, Rb, and Cs) measured at temper-
atures above their melting points. The KPb data ob-
tained previously were reanalyzed with the procedures
used for the data reported here. For comparison, the
structure factor of KPb measured by Reijers et al. ' is
also included in Fig. 1(b) (solid circles). Figures 2(a)—2(d)
show the radial distribution functions n (r) obtained by
Fourier transform of S(Q). Contrary to our previous
analysis of data on KPb, we have chosen not to use the
Lorch modification or any other modification function in
the Fourier transformation. The solid and dashed lines in
Figs. 1 and 2 represent model calculations, which will be
discussed in Sec. III. The values for the liquid density of
these alloys are tabulated in Table III. For NaPb and
KPb, they are taken from measurements by Hesson

TABLE II. Anisotropic Debye-%'aller factors.
exp[ —2~ (U, lh a* + +2Uz, klb*c )].

The Debye-Wailer factors have the general form

Parameter

A(1), Uil
3{1), U22

A(1), U33

A(1), Ul2= U13
A(1), Uq3

A(2), Ull = Uq2

A(2), U33
A(2), Ul2
A(2), Ul3 UQ3

Pb, Ui 1

Pb Uzq

Pb, U33
Pb, U12
Pb, Ul3
Pb, U23

NaPb
(370 K.)

0.058(7)
0.085(7)
0.139(10)
0.0
0.040(6)

0.117(6)
0.070(8)
0.030(8)
0.002(4)

0.061(3)
0.066(3)
0.068(3)
0.000{1)

—0.015(2)
0.031(1)

KPb
(RT)

0.056(3)
0.042(2)
0.015(2)
0.0
0.000(2)

0.050(2)
0.019(2)

—0.006(3)
0.008(1)

0.040(1)
0.036(1)
0.023(1)
0.003(1)

—0.008(1)
0.005(1)

RbPb
(RT)

0.040(3)
0.029(2)
0.050(3)
0.0
0.001(2)

0.038(2)
0.033(2)

—0.001(2)
0.003(1)

0.031(1)
0.030(1)
0.028(1)
0.003(1)

—0.008(1)
0.010{1)

Cspb
{RT)

0.040(4)
0.048(3)
0.039(4)
0.0
0.007(3)

0.048(3)
0.031(3)
0.009(4)

—0.009(2)

0.037(2)
0.031(2)
0.028(2)

—0.002(1)
—0.004(1)

0.009(1)
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20et al. and Saar and Ruppersberg, which indicate an
appreciable volume contraction of 17%%uo and 26%, respec-
tively. For RbPb and CsPb, where no measurements are

'1 bl the values for the densities were estimated fromava1 a e, e va u
r-art of D(r).ou pr present measurements using the ow-r part o r .

ofThe values thus derived show a volume contraction o 10
C

NaP

0
0 1 2 3

r(A)

10 12

20
KPb

T=870K

10

Kpb
T= 870K

0 1 2 0
r(A)

6

a(A ')
10 12 20

RbPb

T = 880 K

RbPb (c)
10

10

0, I

0 1 2 o3
r (A)

CsPb
T = 930 K

20
CsPb

T = 930 K

10

6

o(A I

10

FIG. 1. Total structure factors for NaPb, KPb, RbPb, and
CsPb. The points refer to the experimental results; the solid line
to the calculations according to the RPSU model; and the
dashed line to the RISM. The parameters used in these calcula-
tions are shown in Table IV.

0 1 2 3
r(A)

FIG. 2. Radial distribution function n(r) for NaPb, KPb,
RbPb, and CsPb. Notation same as in Fig. 1.
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TABLE III. Structural data for liquid APb alloys.

NaPb
680 K

KPb
870 K

RbPb
880 K

CsPb
930 K

Number density po (A )

Liquid
Solid

S(Q) peak positions {A ')
First peak

Second peak

T(r) peak positions (A)
First peak
Second peak
Third peak

0.0308'
0.0322

1.25
1.25'
2.24

3.27
3.7g

0.0217b
0.0255

0.96
0.97'
2.11
2.11'

3.17
3.70

0.0199'
0.0233

0.93

2.01

3.16
3.73

0.0168'
0.0213

0.92

2.01

3.15
3.75
4.40

'Reference 19.
Reference 20.

'Estimated from D (r), present work.
From Table I.

'From Ref. 26; note that the temperature was 693 K.
'From Ref. 23.
Unresolved peak.

35%%uo relative to the component liquid metals, which is
consistent with the behavior of NaPb, KPb, and other al-
loys with comparable electrical and thermodynamic
properties.

The total structure factors of APb shown in Fig. 1 ex-
hibit a characteristic FSDP at low wave vectors. For
NaPb, the position of the FSDP at 1.25 A is identical
to that reported by Takeda et al. For KPb, its position
at 0.96 A ' agrees with values reported by Reijers
et aI. This position remains unaltered within experi-
mental uncertainties as a function of composition while
its height varies strongly. In the Na-Pb alloy, a depar-
ture from the equiatomic composition leads to an in-
crease in height, with the maximum reached at Na4Pb.
In K-Pb, the magnitude of FSDP is maximum at the
equiatomic composition. The temperature dependence
of the FSDP has been studied earlier in KPb (Ref. 2) and
more recently in CsPb (Ref. 27), where an increase in
temperature produced a significant decrease in the mag-
nitude and an insignificant change in the position.

From the present work, the position of the first peak in
S (Q) appears to be affected by the alkali metal, but not in
a systematic fashion. As shown in Table III, the Q coor-
dinate changes abruptly from NaPb to KPb and very lit-
tle in going from KPb to RbPb and CsPb; this experi-
mental finding raises a question as to whether the first
peak in NaPb could be interpreted by similar arguments
as used for KPb, RbPb, and CsPb. This question will be
discussed later. However, it is clear that the presence of
this first peak has important structural implications relat-
ed to ordering in these alloys. The changes in the magni-
tude of the first peak height should be studied in connec-
tion with the contrast between the alkali metals on the
one hand and Pb on the other. The increase from Na to
K represents a real change in the structure, while the de-
crease from K to Rb and increase to Cs reAect, at least

partially, the changes in the scattering length of the alkali
metal.

The positions of the second peak in S(Q) follow the
same trend as for the FSDP; its magnitude decreases on
going from Na to Cs and is not as strongly afTected by
temperature. At high wave vectors, a loss in structure is
evident as one goes from Na to Cs.

Information about the real-space structure can be ob-
tained from either function, g (r) or n (r). We have
chosen to show n(r) in Figs. 2(a)—2(d). Most of the
structural information can be derived from the first coor

0
dination shel/, which extends from about 2.5 A to the on-
set of the steep rise starting around 4.5 A for NaPb and
KPb and around 5 A for RbPb and CsPb. A second
coordination shell is present and is centered around 6.5—7
A, which is not visible in all the figures. In what follows,
we will focus exclusively on the first coordination shell.

The positions of the peaks located in the first coordina-
tion shell have been estimated by least-squares-fitting
Gaussian functions to the data for T(r)=4mporg(r),
which is an appropriate procedure since the broadening
in r space due to truncation of the data at Q,„enters
symmetrically in T(r). The effect of the truncation at
Q,„was taken into account. The values obtained are
listed in Table III.

Except for NaPb, the first coordination shell is charac-
terized by the presence of two or more r.axima. This fact
can be taken as evidence for the existence of clusters of
atoms: in simple alloys where free atoms exist, only one
maximum is usually detected. In the case of NaPb, the
single asymmetric peak is tentatively fitted by two un-
equal Gaussians.

By analogy with the crystal data, the first peak in KPb,
RbPb, and CsPb can be assigned to the Pb-Pb distance in
the liquid within the A4Pb4 structural unit and gives
strong evidence for the survival of these units into the
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liquid state. The fact that this Pb-Pb distance is slightly
larger than the intratetrahedral Pb-Pb distance observed
in the crystal rejects the effects of melting. The second
peak can be assigned to A-Pb within the same structural
unit. In RbPb, this second peak is not as well defined as
in CsPb and covers a rather Aat shoulder extending to
about 4.5 A; it is possible that a third peak could exist as
in CsPb. The third peak clearly exhibited in CsPb is
difficult to assign to a specific interaction; interestingly, it
exists at all the different liquid temperatures measured.
The n (r) deduced from room-temperature structure mea-
surements on CsPb shows only two peaks. The third
peak is undoubtedly a liquid signature, and if one takes
into consideration the scattering contrast, it could be re-
lated to an A-Pb distance where the alkali-metal and the
Pb atoms are in a different arrangement than in a
tetrahedron. Finally, in NaPb, since the Pb-Pb and Na-
Pb distances exhibited in'Table I differ by only a few
tenths of an angstrom, it is plausible that the first coordi-
nation shell in the liquid consists of two unresolved
peaks.

Based on the above interpretation, a partial coordina-
tion number Z(ab) representing the average number of b
atoms about an a atom in the first coordination shell,
where a and b refer to either A or Pb, can be calculated
by converting the fitted Gaussians to n (r) form. Howev-
er, the area calculated under each peak in n (r) was large-
ly affected by the number of peaks specified and by the
starting parameters assigned in the nonlinear least-
squares fitting. Thus, the coordination numbers Z(ab)
deduced from each peak and assigned to Pb-Pb (first
peak) and to A-Pb (second and subsequent peaks) have
rather large numerical uncertainties. To summarize
these results, Z(PbPb) varies from —3.6 in NaPb to -2
in KPb, RbPb, and CsPb; this number should be viewed
as an average coordination number, reAecting the pres-
ence of tetrahedrally arranged Pb atoms and other higher
(in NaPb) or lower (in the other compounds) coordinated
Pb atoms; Z(PbPb)=3 for isolated tetrahedra. This is in
consonance with a thermodynamical interpretation of the
heat-capacity data, where it is suggested that the A &Pb4
entities are dissociating to form dimers and/or free atoms
as the temperature increases above the melting point. In
accord with this suggestion, a decrease in Z(PbPb) was
observed with increasing temperature in the case of
CsPb. Within the numerical uncertainties, a small de-
crease in Z(PbPb) was obtained as the alkali metal
changes from K to Rb and to Cs. A value of 3 was ob-
tained for Z(PbPb) from the analysis of the room-
temperature measurements.

3. Liquid dynamicsin KPb

The data collected from inelastic neutron diffraction on
KPb were corrected to scattering function form, S (P,E),
and then to constant Q form, S(Q,E), using a cubic
spline interpolation. ' As an initial check, the structure
factor S(Q) was calculated from the data using the rela-
tion

Sa(Q)= I S(Q,E)dE . (4)

For h~~, this should reduce to the structure factor

measured in the diffraction measurement, neglecting er-
rors due to inelasticity in the latter case and experimental
errors such as multiple scattering in both cases. Further,
while both structure factors should be normalized so that
S (Q)~1 as Q ~ ac, incoherent scattering is included in
the inelastic results, but not in the diffraction results,
with the definitions used in the present analysis. Figure 3
compares the SEPD results for liquid KPb with Sa(Q)
obtained from the inelastic scattering with 6=40 and 5
meV, respectively. The first case represents the closest
approach to S(Q) possible in this measurement, i.e., the
instantaneous (t=O) density correlations in the structure,
while the second gives a measure of the contributions
from low-energy transfers, representing the long-time
average of the structural correlations. The agreement be-
tween the inelastic results for 6=40 meV and the
diffraction result is reasonable, considering the lower Q
resolution inherent in the inelastic measurements and the
very different experimental procedures. The shoulder on
the right side of the main peak and the splitting of the
third peak in Sa(Q) may represent experimental errors in
the detector normalization. The FSDP at Q=1 A
shows up clearly in the inelastic measurements at both
values of 6, indicating that the structural correlations re-
sponsible for this peak persist for times as long as
t =i)i/b, =—10 '3 sec and possibly longer. This upper limit
could be extended with a higher-resolution measurement.

The scattering function S(Q,E) for the solid phase
consists of an elastic peak and inelastic spectra for posi-
tive and negative values of E. For the liquid, the inelastic
spectrum is essentially unchanged, but the elastic peak is
broadened into a quasielastic one by atomic diffusion.
The full width at half maximum, 1 (Q), of this peak was
obtained for difFerent values of Q by fitting a Lorentzian
function

I-2+E2

broadened by the calculated resolution function, to the
quasielastic region of each constant-Q spectrum. Figure

Kpb
= 870 K

FICx. 3. Structure factors S(Q) for liquid KPb. Solid line,
S ( Q) from difFraction measurement. Points,
Sq(Q)= I S(Q,E)E from inelastic scattering measurements:

U, 4=40meV; 0, 6=5 meV.
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modes may be present but contributing with an intensity
that is too low to be observed against the background of
translational motions. Another possible explanation, in
terms of a limited lifetime for the molecular units, seems
to be ruled out by the relatively long lifetimes associated
with the FSDP, as discussed above. The form of the
spectrum in Fig. 5 is, in fact, qualitatively similar to that
observed in liquid lead. ' The equivalent spectrum for
the solid KPb did not show any evidence for molecular
vibrations either. A Raman scattering measurement on
the solid also failed to show any significant vibrational
peaks, although vibrational modes have been observed
in NaSi and KGe.

FIG. 4. Full width at half maximum of the quasielastic
scattering as a function of Q. Circles, experimental data; dashed
line, I"=2 fiDQ' with D =1.2X10 ' cm /sec.

G(Q, E)=[&(Q,E)—&q, (Q, E)]

X [1—exp( E/kz T)]—
over the measured values of Q. The result, plotted in Fig.
5, is a slowly varying function of E with a broad max-
imum around 9 meV but no sharp peaks that can be as-
cribed to vibrations of a molecular character. Such
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Flax. 5. Q-averaged energy distribution function for the in-
elastic scattering.

4 shows the results for I"(Q). The dashed line represents
the best fit of the form expected for simple diffusion,

I =2fiDQ

with D =1.2+0.2X10 cm /sec. This is somewhat
lower than the value observed in pure liquid lead,
D =2.2X 10 cm /sec, and may rellect a larger mass for
the diffusing particles. It is substantially lower than the
diffusion constants observed in liquid Li4Pb, 6.0X 10
cm /sec.

An energy distribution function G (E) for the inelastic
scattering in the liquid was obtained by averaging the
function

III. STRUCTURAL MODELS

The value of information derived from structural mea-
surements can be considerably enhanced if one can build
a model or theory capable of accurately representing the
key features of, e.g., the total structure factor.
Specifically, in a binary system, such a model provides
the partial structure factors and partial pair distribution
functions that play a vital role in our understanding of
the liquid. For cases such as those studied here, where an
FSDP is present, questions to be addressed include what
is the physical meaning of the FSDP, which partial struc-
ture factors contribute to its presence, and what geome-
trical correlations are implied'7 The real-space functions
can also be decomposed into the partial functions within
the framework of a model and are essential in assessing
preferential coordination and the nature of ordering in
the liquid. For the alkali-metal —lead alloys, such an ap-
proach must be employed since it is impossible to experi-
mentally derive the partial function because there are no
suitable isotopes for the substitution method, which has
been used so successfully in certain molten salts and al-
loys. In this section, we will report the results obtained
by applying the random packing of structural units
(RPSU) model and the reference interaction site model
(RISM). Both models use structural units from the solid,
e.g. , the A4Pb4 species.

In the case of the RPSU model, which was originally
developed by Egelstaff et al. , the structural units are
distributed according to a random packing of hard
spheres. The structure factor is expressed as

&(Q)=f)(Q)+f2(Q)[&,(Q) —1]+1—(b ')/(b )',

where f&(Q) is the form factor of the structural unit,
fz(Q) is another form factor expressing the correlation
between two distinct units, and S,(Q) is the Percus-
Yevick solution for the random packing of hard spheres.
To evaluate fz(Q), a physical assumption about the
correlation between orientations of different structural
units must be made. In the present calculations, the
orientations were taken to be random and uncorrelated.
Following Ref. 2, the structural unit was defined to be
A4Pb4 and consisted of a Pb4 tetrahedron surrounded by
a larger A4 tetrahedron oppositely directed. The coordi-
nates were derived from the crystal structures described
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where p is the density of structural units, h is the
Fourier transform of the pair correlation function be-
tween sites cx and y of different units, and m is that be-
tween sites a and y of the same unit. If d is the equi-
librium distance between sites a and y in the same
structural unit, and Ad is the root-mean-square deriva-
tion in d &, the vibration of the atoms around their equi-
librium position is included in m ~:

sin(gd„~ )
~ ~(Q) = exp[ —I/2(ghd r ) ] .

Clg Qg
(10)

As in the case of the RPSU model, the structural unit

TABLE IV. Parameters for liquid APb alloys used in model
fits.

Parameter Napb KPb RbPb CsPb

o.(A)
7l

po(10 " cm )(")'"(A)

RPSU model
6.4
0.37
0.0216
0.2

5.4
0.45
0.0437
0.15

6.8
0.40
0.0194
0.2

7.0
0.38
0.0169
0.2

cr ~(A)
apb(A)
po(10 cm )

Ad~~(A)
Adpbpb(A)
~d„b(A)

RISM model
3.0
4.0
0.0216
0.4
0.2
0.4

2.7
3.5
0.0308
0.3
0.15
0.3

3.3
4.0
0.0192
0.4
0.2
0.4

3.5
4.0
0.0168
0.4
0.2
0.4

in the previous section. A slight expansion (1—3 %%uo) of the
unit was applied to bring the leading edge of the first
peak in n (r) calculated from the model into line with the
experimental value, except in the case of NaPb, where the
crystallographic data were taken at high temperature
(Table I). Only two additional parameters are needed:
the hard-sphere diameter and the packing fraction
g( =~o po/6n, where n is the number of atoms
in the structural unit). A Debye-Wailer factor,
exp( —

Q (u )/2), where (u ) is the mean-square fluc-

tuation in bond distances within the structural unit, is ap-
plied to give approximately the correct damping of oscil-
lations in $(Q) at high Q. The calculated structures for
NaPb, KPb, RbPb, and CsPb are plotted in Fig. 1 along
with the experimental results. The numerical values used
for o, q, po, and ( u ) are shown in Table IV.

In the case of RISM, which was first proposed by An-
dersen and Chandler, we have utilized a numerical pro-
cedure developed by Lowden and Chandler. RISM has
been applied to a variety of molecular liquids ranging
from liquid CC1& to CS2, C6H6, SbC13, and very re-
cently GeBr4. The representation of the structure fac-
tors by RISM has been satisfactory, except in the case of
liquid SbC13 and GeBr4, where the correspondence be-
tween calculations and experiments remained qualitative.
The structure factor is expressed as

S(Q)= g b b [w,, (Q)+p h (Q) —6 ]I (nb) +1,

was taken to be A4Pb4, consisting of an 3 tetrahedron
surrounding a Pb tetrahedron. The positions of the
atoms were taken from Table I; the values of the hard-
sphere radii of the alkali-metal atoms and Pb were
reasonably optimized to give the best fit to the data. The
parameters used in the calculations are given in Table IV,
and results are plotted in Fig. 1. The correspondence be-
tween the measurements and calculations with the RPSU
model and RISM is satisfactory for all the systems that
we have studied.

For NaPb [Fig. 1(a)], the FSDP is better represented
by the RPSU model, but the density needed was 40%
higher than the measured one. An FSDP is obtained
from RISM, but its position is quite different from the ex-
perimental one. Both models exaggerate the minimum
that follows the FSDP and, consequently, give a rather
poor representation of the low-Q section of the structure
factor. In an effort to improve the correspondence, we
tried other structural units, such as Na4Pb, Pb4, or
Na4Pb4 with additional free Na and Pb atoms; the fits ob-
tained were not improved. (Na4Pb was introduced since
in Na-Pb an "octet" compound, Na4Pb, is present and in-
teresting features in the thermodynamic and transport
properties are reported at both 4:1 and 1:1 compositions. )

The main peak height and width are much better repro-
duced by RISM than by the RPSU model. Interestingly,
when identical orientations are imposed, the RPSU-
model calculations give an excellent representation of the
main peak. The remaining features are equally well
reproduced by either model. In real space, both models
lead to a double peak in the first coordination shell, the
first one located at -3.25 A and the second at -3.5 A,
which correspond to the crystalline Pb-Pb and Na-Pb dis-
tances, respectively (Table I). The minimum calculated
from RISM reproduces very well the measurements,
while the RPSU gives a better fit for the maximum.

In the case of KPb, in addition to the IPNS data, we
have plotted the experimental results obtained by Reijers
et al. ' using the Petten reactor [closed circles in Fig.
1(b)]. The RPSU model reproduces the IPNS measure-
ments slightly better than RISM. The differences be-
tween the two sets of experimental data, especially those
at low Q, are not fully resolved, but the inherent
difference in resolution between a pulsed-source instru-
ment and a reactor instrument may be an important fac-
tor. ' Finally, for the RbPb and CsPb alloys, both calcu-
lations tend to overemphasize the high-Q structure with
well-pronounced peaks, while the experiments show a
rather damped oscillatory behavior. At low Q, the FSDP
and the main peak are satisfactorily represented.

In real space, the calculated n (r) functions exhibit two
peaks whose positions are in agreement with the mea-
surements (Fig. 2); the minimum is better reproduced by
RISM. It should be noted that the parameters in both
models were chosen to give the best fit in reciprocal space
rather than in real space. The three-peak structure ob-
tained experimentally in CsPb is not explained by either
model.

At this point, a conclusion can be reached from the
calculations presented here and many others that we have
carried out. The introduction of correlations in the
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FIG. 6. Partial structure factors Sp&p&, Sc,c„and Sc,p&, ac-
cording to the RPSU (solid line) and RISM (dashed line) mod-
els.
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(solid line) and RISM (dashed line) models.
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account of a finite electron mean free path. Strong Pb-Pb
correlations are observed, with. a coordination number of
about 3.5 Pb atoms about an average Pb atom and angu-
lar distributions consistent with a high concentration of
Pb4 tetrahedra. A peak is observed in S(Q) at small Q,
but displaced to higher Q, smaller and poorly separated
from the rest of the diffraction pattern compared with the
experimental data. To our knowledge, this is the only at-
tempt that has been made to model these liquids on the
basis of interatomic potentials.

~CsCs
IV. CONCLUSION

10

FIG. 8. Pair radial distribution functions gpbpb gcscs, and

gc pb according to the RPSU (solid line) and RISM (dashed
line) models.

tuations in the number density and concentration, respec-
tively, while S~c is a cross term. As shown in Fig. 7(a)
for CsPb, all three structure factors contribute to the
FSDP. This is in contrast to the situation in most liquid
alloys and molten salts where the prepeak shows up in
Sc& only. The main peak in the total structure factor

0
at about 2 A derives mainly from S&&. Figure 7 shows
the Bhatia-Thornton structure factors for NaPb. Here,
the FSDP is given primarily by S&&, with only a small
contribution from S&& for the RPSU model and none for
RISM. This provides further indication that the FSDP
has a different character in NaPb compared with the oth-
er APb alloys.

In real space, both models give a satisfactory represen-
tation of the data. Of particular interest are the partial
radial distribution functions. Figure 8 shows the partial
pair correlation functions g,b(r) for CsPb calculated from
the two models. The discontinuities in the RISM curve
are, of course, due to the hard-sphere potentials used in
the calculations. The presence of a remarkably sharp
main peak in g pbpb with a very low value for the
minimum arises from the Pb tetrahedra.

Very recently, molecular-dynamics simulation of liquid
KPb has been carried out by Hafner, using
concentration-dependent ionic pseudopotentials taking

In this paper, structural results are presented for the
alkali-metal —lead alloys at the equiatomic composition
showing evidence of intermediate-range order. A re-
markable FSDP is present at low wave vectors, Q —l
A '. Its presence can be shown to be related to structur-
al units, A4Pb4, similar to those in the intermetallic solid
compounds. These have been used to construct structur-
al units within the framework of two models for the
liquid structures, the RPSU model and RISM. The cal-
culations give a satisfactory representation of the experi-
ments with physically meaningful values for the different
parameters. In contrast to the diffraction results for the
FSDP and to the energy dependence of the scattering as-
sociated with the FSDP, which suggests a relatively long
lifetime for the structural units, no evidence for vibra-
tions of a molecular character was observed in the inelas-
tic scattering. Higher-energy resolution studies may
resolve this contradiction. Finally, it is hoped that, in the
future, direct measurements of the partial structure fac-
tors will be achieved by other experimental means, for ex-
ample, anomalous x-ray scattering.

ACKNOWLEDGMENTS

We wish to thank R. Kleb for installation and calibra-
tion of the furnace for the inelastic measurements, and
the operations staff at the Intense Pulsed Neutron Source
at Argonne National Laboratory for assistance with the
neutron experiments. The preparation of the vanadium
holders and the electron-beam welding was carefully car-
ried out by C. Konicek. We kindly acknowledge Dr. P.
G. O'Hare for the use of his glovebox, Dr. M. Blander for
a critical reading of the manuscript, and Dr. M.
Grimsditch for performing Raman scattering on solid
KPb. This work was supported by the U.S. Department
of Energy, Division of Materials Sciences, OfFice of Basic
Energy Sciences, under Contract No. W-31-109-ENG-
38. H. T. J. Reijers gratefully acknowledges the support
of the Stichting voor Fundamenteel Onderzoek der Ma-
terie, The Netherlands.

*On leave from the Solid State Physics Laboratory, University
of Groningen, The Netherlands.

H. T. J. Reijers, W. van der Lugt, and C. van Dijk, Physica
B+C 1448, 404 (1987).

M.-L. Saboungi, R. Blomquist, K. J. Volin, and D. L. Price, J.
Chem. Phys. 87, 2278 (1987).

J. A. Meijer, W. Geertsma, and W. van der Lugt, J. Phys. F 15,
899 (1985); J. A. Meijer, W. van der Lugt, and G. J. B.Vinke,



STRUCTURAL PROPERTIES OF LIQUID ALKALI-METAL —LEAD. . . 6029

ibid. 16, 845 (1986).
4C. van der Marel, A. B. van Oosten, W. Geertsma, and W. van

der Lugt, J. Phys. F 12, 2349 (1982); W. F. Calaway and M.-
L. Saboungi, ibid. 13, 1213 (1983).

5S. Matsunaga, T. Ishiguro, and S. Tamaki, J. Phys. F 13, 587
(1983); M.-L. Saboungi, S. J. Herron, and R. Kumar, Ber.
Bunsenges. Phys. Chem. 89, 375 (1985).

6G. K. Johnson and M.-L. Saboungi, J. Chem. Phys. 86, 6376
(1987); M.-L. Saboungi, H. T. J. Reijers, M. Blander, and G.
K. Johnson, ibid. 89, 5869 (1988).

7M.-L. Saboungi, S. R. Leonard, and J. Ellefson, J. Chem. Phys.
85, 6072 (1986).

P. J. Tumidajski, A. Petric, T. Takenake, M.-L. Saboungi, and
A. D. Pelton, J. Phys. F (to be published).

E. Busmann, Z. Anorg. Allg. Chem. 313, 90 (1961).
~oJ. D. Jorgensen and J. Faber, Argonne National Laboratory

Report No. ANL-82-80, 1983, p. 105.
U. Walter, D. L. Price, S. Susman, and K. J. Volin, Phys. Rev.
B 37, 4232 (1988).
D. L. Price, J. M. Carpenter, C. A. Pelizzari, S. K. Sinha, I.
Bresof, and G. E. Ostrowski, Argonne National Laboratory
Report No. ANL-82-80, 1983, p. 207.
D. L. Price and J. R. D. Copley, Phys. Rev. A 11,2124 (1975).

' C.-K. Loong and D. L. Price (unpublished).
~~R. E. Marsh and D. P. Shoemaker, Acta Crystallogr. 6, 197

(1953).
6I. F. Hewaidy, E. Busmann, and W. Klemm, Z. Anorg. Allg.

Chem. 328, 283 (1964).
'7V. F. Sears, in Neutron Scattering, Vol. 36A of Methods ofEx

perimental Physics, edited by K. Skold and D. L. Price
(Academic, Orlando, 1986), p. 521.
H. M. Rietveld, J. Appl. Cryst. 2, 65 (1969); R. B. von Dreele,
J. D. Jorgensen, and C. G. Windsor, ibid. 15, 581 (1982).

'9J. D. Jorgensen and F. J. Rotella, J. Appl. Crystallogr. 15, 27
,(1982).

20F. J. Rotella (unpublished).
J. W. .Richardson, Jr. and J. Faber, Jr., Adv. X-Ray Anal. 29,
45 (1985).
D. L. Price (unpublished); W. S. Howells, D. L. Price, and D.
G. Montague (unpublished).
R. Reijers, W. van der Lugt, C. van Dijk, and M.-L. Saboungi,
J. Phys. : Condens. Matt. (to be published).
J. C. Hesson, H. Shimotake, and J. M. Tralmer, J. Met. 20, 6
(1968).

25J. Saar and H. Ruppersberg, Z. Phys. Chem. Neue Folge (Lam

VI Proc. ) 156, 587 (1988).
S. Takeda, S. Harada, S. Tamaki, E. Matsubara, and Y. Wase-
da, J. Phys. Soc. Jpn. 56, 3934 (1987).
M.-L. Saboungi, D. L. Price, R. Reijers, K. J. Volin, and W.
van der Lugt (unpublished).

28C.-K. Loong, S. Ikeda, and J. M. Carpenter, Nucl. Instrum.
Methods A 260, 381 (1987).
T. E. Farber, An Introduction to the Theory of Liquid Metals
(Cambridge University Press, Cambridge, England, 1972), p.
164.

3oM. Soltwisch, D. Quittnann, H. Ruppersberg, and J. B. Suck,
J. Phys. (Paris) Colloq. 41, C8-167 (1980).
O. Soderstrom, Phys. Rev. A 23, 785 (1981).
M. Grimsditch (private communication).
H. Buerger and R. Eujen, Z. Anorg. Allg. Chem. 394, 19
(1972).

34S. C. Moss and D. L. Price, in Physics ofDisordered Materials,
edited by D. Adler, H. Fritzsche, and S. R. Ovshinsky (Ple-
num, New York, 1985), p. 77.

35P. A. Egelstaff, D. I. Page, and J. G. Powles, Mol. Phys. 20,
881 (1971);22, 944 (1971).
H. C. Andersen and D. Chandler, J. Chem. Phys. 57, 1918
(1972); D. Chandler and H. C. Andersen, ibid. 57, 1930
(1972).
L. J. Lowden and D. Chandler, J. Chem. Phys. 59, 6587
(1973).
L. J. Lowden and D. Chandler, J. Chem. Phys. 61, 5228
(1974).
E. Johnson, A. H. Narten, W. E. Thiessen, and R. Triolo,
Faraday Disc. Chem. Soc. 66, 287 (1978).
K. F. Ludwig, Jr., W. K. Warburton, L. Wilson, and A. I.
Bienenstock, J. Chem. Phys. 87, 604 (1987);K. F. Ludwig, Jr.,
L. Wilson, W. K. Warburton, and A. I. Bienenstock, ibid. 87,
613 (1987).
See, for example, F. J. Bermejo, J. C. Dore, W. S. Howells, P.
Chieux, and E. Enciso, Physica B+C 156+1578, 154 (1989).
M.-L. Saboungi, D. L. Price, K. J. Volin, K. Calkins, and R.
Reijers (unpublished).
For a summary of various definitions of structure factors, the
reader is referred to Y. Waseda, The Structure of Non
Crystalline Materials, Liquids and Amorphous Solids
(McGraw-Hill, New York, 1980).

44D. L. Price, S. C. Moss, R. Reijers, M.-L. Saboungi, and S.
Susman, J. Phys. : Condens. Matt. 1, 1005 (1989).

45J. Hafner, J. Phys. : Condens. Matt. 1, 1133 (1989).


