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Structural analysis of the clustering p h e n o m e n o n in the L i N b 0 3 melt was carried out by means 
of small-angle X-ray scattering using synchro t ron radia t ion in the range of m o m e n t u m t ransfer 
0.2 n m - 1 < £ < 14.0 n m - 1 . Microclusters were present in the melt th roughout the entire explored 
temperature-domain f rom 1673 K to 1513 K which includes undercooling (melting point Tm = 1526 K). 
The radius of gyra t ion , size, shape and distance of particles were determined. Cha ins of few N b 0 6 
octahedra and small blocks cons t i tu ted by two layers of four corner-shared oc tahedra , interlocked 
by a lithium a t o m , could be good models for the microclusters in a large t empera ture -domain . By 
lowering the tempera ture , the part icle size increased. Below 1553 K, probable macroclusters would 
be correlated to the rapid increase of the viscosity. Using the viscosity da ta and previously published 
and the present SAXS results, it was possible to evaluate the volume of the clusters. Nea r the 
freezing point a b o u t a quar te r of the volume would be occupied by clusters. 

Indexing codes: 61.60.Lx exper imental d i f f ract ion and scattering techniques; 61.25.Ks molten 
salts; 36 .40 .+ d a tomic and molecular clusters. 

Introduction 

A characteristic behaviour of an expanding fluid has 
been detected in molten lithium niobate on cooling 
between 1590 K and 1560 K , and a marked increase 
of the viscosity was always observed below 1553 K 
[1-3]. These observations implied a strong modifica-
tion in the liquid local and medium range ordering. 
Th i s behaviour, near the melting point Tm, might be 
correlated with the appearance of subgrain boundaries 
[4, 5] affecting the crystal growth since the single crys-
tals are synthesized from the melt by the pulling 
method of Czochralski [6]. The Nb coordination in the 
melt has recently been determined from structural stud-
ies carried out by high temperature X-ray and neutron 
diffraction [7, 8]. These results confirm a local order-
ing in the melt similar to the crystalline one up to the 
highest explored temperature with a persistent octa-
hedral Nb coordination as observed in the crystal, 
which is classified in the family of ilmenite. In its ferro-
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electric phase, the crystal belongs to the rhombohedral 
system with the space group R3c [9]. A L i atom is 
trapped in a framework of eight octahedra of O atoms 
with the heavy Nb atom located in each octahedron 
(see Figure 1 a). It has been proposed that the space 
group becomes R3 or R3c [9, 10] at the Curie point, 
Tc, just a few degrees below Tm. With Nb midway 
between nearest oxygen layers and L i in the oxygen 
layer at c/4 from Nb, the Nb position acquires the 
symmetry of an inversion center in this phase (see 
Figure 1 b). From these results it may be imagined 
that clusters are present in the melt and a possible 
rearrangement could appear for some of them near 
the freezing point. To confirm this assumption, we 
present structural information obtained using Small 
Angle X-ray Scattering (SAXS). The paper is organized 
as follows. After some background on SAXS and on 
the methods chosen for the data analysis (Part II), the 
data correction, normalization and accuracy are pre-
sented in Part I I I . The experiments are described in 
Part IV, and the results are reported in Part V. A dis-
cussion of the microcluster model and of the cluster 
evolution with temperature follows in Section VI. 
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Fig. 1. Models of the crystalline structure, a) regular frame-
work of eight oc tahedra of oxygen atoms, b) regular succes-
sion of Li and N b a toms in the paraelectric phase. 

1. Small Angle X-ray Scattering 

1.1. Background 

SAXS is observed when electron density fluctuations 
exist in the melt and if these inhomogeneities can be 
assumed to be continuous. The scattering intensity 
(expressed in cm - 1) is given by 

IT(k) = N[I Af(k) •/(«,-) + I I At(k) • Aj(k) 
i i*j 

• / ( « ! ) • / ( « , ) • { S y ( f c , < 0 - 1 } ] + / P , (1) 

where N is the total particle number density and d the 
distance between the particles with diameters a,- and 
scattering amplitudes A^k). The wave vector k is 
equal to 4n sin Of/, (where 2 0 is the scattering angle 
and the wavelength). The distribution functions of 
particles i and j are respectively /(a,) and f (aj); 
Sij(k, d) is their pair structure function. The summa-
tion is over the scattering volume. For spherical parti-
cles with internal uniform electron density gp, dis-
persed in a surrounding medium of constant density 

the scattering amplitude A^k) is proportional to 
the contrast Ag = (£p — £0). For non-spherical parti-
cles, spheres equivalent to the scattering volume of 
real particles can be considered with the mean values 
(A?(k)} and (A^k)}2, averaged again over all the 
possible orientations of the real particles with respect 
to the wave vector. /p is the scattering part, non-sensi-
tive to the structure. Several cases can be distin-
guished for the scattering behaviour. 

i) I f N widely separated identical particles are pres-
ent in the medium, the structure sensitive intensity, 
I(k), is N times the intensity scattered by a single 
particle i(k), given by Guinier [11] as 

i{k) = n2 • exp 
-4ns2 R: 

with s = k/2n and I(k) = N-i{k), (2) 

where is the radius of gyration of the particle and 
n the total number of electrons in a particle. 

ii) When k$> 1 /R , i.e. at high angles, the tail of I(k) 
is expressed by Porod's law [12] and is proportional to 
the total surface area of the particles, S, in the scatter-
ing volume: 

2n(Ag)2 S 
(3) 

with Ie(k) the intensity diffracted by one electron. 
(iii) I f the identical particles are closer packed, the 

intensity depends on their distribution, and in this 
case interparticle interference is often observed in the 
intermediate k-region where a relative maximum ap-
pears. 

These three regions are distinguishable and indexed 
in the present text by {1} near the origin, {2} in the 
intermediate domain and {3} at high angles. 

When non-identical particles are closely packed in 
the medium, the characteristic scattering function of 
these particles is determined by the Fourier transform 
(FT ) of I(k), but no simple method is known to extract 
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from this function, simultaneously, the size and shape 
of the particles. We have assumed that the particles 
have standard shapes of revolution for which the A^k) 
are tabulated [11-13]. A theoretical intensity is thus 
computed and compared to the experimental I(k). The 
global S(k,d) function is determined either by 
combining these SAXS data with the results obtained 
by high temperature diffraction [7], or completing 
these SAXS data at high k by means of models (the 
intensity is calculated from the Percus Yevick model 
[14] considering the melt as a medium containing a 
dense spatial arrangement of nearly spherical clus-
ters). 

1.2. Data Analysis 

A first and rapid analysis was obtained assuming 
uncoupled /c-regions and using I(k) evaluated in rela-
tive units. The region {1} is studied in terms of scatter-
ing from well separated identical macroclusters for 
which Rg is deduced from the Guinier approximation 
[11]. Near the origin, the slope of a In I(k) versus k2 

plot gives the Rg value which can be related to the 
particle dimensions regardless of shape. Th i s method 
is applied for identical particles without preferential 
orientations when Rg satisfies kmin<l/Rg. The region 
{2} is interpreted in terms of scattering from numer-
ous small particles. Their mean size and their average 
distance are given by { " a " a A / c - 1 } and { d a k ' 1 } , 
where Ak~1 is the angular width of the ring of diffrac-
tion and km is the position of its maximum. The dis-
tance d is estimated using the Ehrenfest method [15] 

2 d sin 0 m = 1.23 k or d = 2.46 rr//cr (4) 

with 2 0 m the scattering angle for the maximum. An 
arithmetic mean, R0m, of the radii of gyration of these 
small particles has been calculated by the method of 
Hosemann [16]. When the curve k2I(k) presents a 
well-defined maximum, the tangent at the inflexion 
point, on the high angle side of the ring, intersects the 
k axis at the position kt, and R0m is found by the 
relation 

(5) 
1 

Rf\™ — 

6 r n + 2 
2 

n + 2 f ^ 
with - 1 

1 

2/cm y/2(n +1) 

The region {3} is exploited using the asymptotic 
method of Porod [12]. Th i s method is valid for parti-
cles of arbitrary shape, distributed arbitrarily in a ho-
mogeneous medium only if /c4 • I(k) is constant over a 

sufficient fc-interval. In this case the absolute specific 
surface per unit volume, Ssp, is given by 

lim {/c4 • I(k)} l im {k4 • I(k)} 
T—T . . . . . . =71 c ( \ - c ) (6) 

V-2n(Ao)2 Ie(k) 

with the normalization condition 

$k2 I(k)dk 

J k2 I(k)dk = 2n2 Ic(k)(AQ)2 Vc(i-c) (7) 
o 

and Vc the volume fraction occupied by the particles. 
According to Porod [12], some relations exist between 
the particle parameters and the limiting values such 
as: {I(k)}k^o, {/(*) • k}k^0 and {I(k) • k2}k^0. These 
determinations are sensitive to extrapolation to zero 
angle and therefore subject to error, but they give 
access to simple physical parameters which are useful, 
in this work, for the discrimination between various 
models. The correlation length lc and the range of 
inhomogeneity /0 have been defined in terms of the 
average length /, using the Porod relations as follows: 

1 = 

J kl(k) dk 
o 

J k2 I (k) dk 

I2/I and /„«/; 
4 Vc 

(8) 

The separation of the I(k) curves in three well-defined 
regions is also subject to criticism since the different 
scattering laws are superimposed in the whole k-do-
main. However any structural change in progress in 
the melt will be immediately revealed by the tempera-
ture dependence of the parameters obtained from this 
analysis. 

After this preliminary treatment, the results are an-
alyzed in real space using the distance distribution 
function , p(r), given by the ( F T ) of I(k) as 

p(r)=—2 j I(k) kr sin(kr) dk, (9) 

where I(k) has to be normalized in electron units. 
With our data analysis, the influence of any left over 
background correction on the final result is negligible. 
However, Fourier ripples are present and are caused 
by termination errors due to the limited value of /cmax. 
An artificial extension of the curves I(k) to higher k 
values permitted us to obtain real space patterns that 
represent the size and the shape of the particles within 
reasonable approximation (see paragraph V). 
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2. Data Corrections 

2.1. Background 

To obtain the coherent intensity I(k), the only one 
related to the particle distribution, the non structure 
sensitive part of the intensity, /p, has to be subtracted 
from I T . Th is part is the sum of several terms: incoher-
ent scattering / inc, multiple scattering /ms, thermal 
scattering /th, air scattering /air and parasitic back-
ground I b . The incoherent and multiple scattering 
were evaluated from the ratios /inc//eu and /ms//eu in 
which /eu is the theoretical coherent intensity ex-
pressed in electron units. These ratios were computed 
using: 1.) the scattering factors given by the analytic 
expression of Cromer and Waber [17], 2.) the disper-
sion corrections A/ ' and A / " reported by Cromer 
[18], 3.) the tables for X-ray Crystallography [19]; and 
4.) the atomic incoherent intensities tabulated by 
Sagel [20], 

Only the double scattering, /d2, is considered in this 
work since it is the major contribution to /ms. The 
ratio, /d2//e„, was calculated by the Warren method 
[21] and by the method of Malet et al. [22] applied to 
a transmission geometry and a polarized incident 
beam. Th i s ratio is computed correlating /d2 with the 
experimental intensity measured from high angle dif-
fraction [7] and using the atomic absorption coeffi-
cient p = 182.6 corresponding to a wavelength 
/. = 0.12nm (reflection on one Si (111) crystal, under 
the incidence angle a= 11.02°), a sample thickness of 
h = 10"2 cm and the temperature Tm. These methods 
give weak deviations which are without great effect 
since /d2 is always smaller than 0.65% /eu. 

The total amplitude of the {(Iinc + Id2)/Ieu} correction 
reaches 1.4% in the worst case. 

Thermal scattering is not easy to estimate in a dis-
ordered material. I f the defect number is low enough 
to not modify the thermal fluctuations, and with the 
assumption that the medium is isotropic and that only 
the longitudinal waves contribute to SAXS, the ther-
mal intensity is given by 

, = l l k J L T 

m VL
2 

where m is the mean atomic mass, / the scattering 
factor of the mean atom [21] (defined from the compo-
sition by f = 0.2 f u + 0.2 /Nb + 0.6 /0), kB is the Boltz-
manns constant and T the absolute temperature. In 

an anisotropic medium the longitudinal sound veloc-
ity, VL, has to be replaced by the mean value, Vm, 
computed from the elastic coefficients [23]. A verifica-
tion of the procedure was obtained from the intensities 
scattered by a L i N b 0 3 monocrystal at 300, 673, 1073 
and 1243 K using Vm values (for instance at 300 K 
with the value Vm = 5.6 x 105 cm • s~1 we obtain 
Ah(3oo) ~ 0.16 ±0.02 electrons/mean atom). A similar 
evolution was assumed in the liquid, and /(h was eval-
uated by extrapolation to obtain 

I , h ( i 5 2 3 ) = l - 2 ± 0 . 2 and 

I<h(i673)= 1.4 ±0 .2 electrons/mean atom. 

Air scattering is the most important parasitic term 
because the beam path in air cannot be suppressed 
near the furnace. Its value can be computed if the air 
density, c/air, is known along the X-ray path. An expo-
nential decay of the air temperature, Tai r, is assumed 
versus the distance x away from the centre of the 
furnace along the incident X-ray direction. A good 
approximation of Tair is obtained by 

Tair = 2" T(0.5 n +1) i" erfc (x), where 

erfc(x) = dx (11) 

with n = 22 and the integral values reported by Abra-
mowitz [24], The air density is estimated from 

i _ 0.001293 
a i r ~ 1+0.00367 T : 

(12) 

/air was evaluated using this assumption for the short 
beam paths in air at atmospheric pressure (one consti-
tuted by 15 mm at room temperature near the detec-
tor window; two others, 85 mm plus 105 mm, at vari-
able temperature on either side of the furnace). Th is 
evaluation was experimentally verified from the inten-
sities measured with the empty furnace at 300, 900 and 
1623 K (Figure 2a-b). 

The final background correction of /b was made 
according to Porod [12] or Luzzati [25] from the slope 
of the plot I • k versus k3. 

(10) 2.2. Normalization 

In our experiments the primary intensity has not 
been directly measured from a standard. Only indirect 
methods could be used. The first normalization factor 
was obtained by a comparison of the computed values 
/d2 and /th with the intensities scattered by a mono-
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Fig. 2. Evaluat ion of the air scattering, a) Tair(x); air temper-
a ture as a funct ion of the dis tance f rom the furnace when 
the empty furnace is stabilized at 1623 K; ( T expressed in 
degrees K). x is the distance f rom the centre of the furnace, 
b) /air(fc); air scattering measured when the empty furnace is 
stabilized at 300 K, 973 K a n d 1623 K. 

crystal at several temperatures. The second evaluation 
was made from the overlap of the termination of the 
SAXS curves with the low /c-range of the normalized 
patterns given by high temperature diffraction [7], An 
agreement between both methods is observed with a 

discrepancy of 20%. For a counting time of 1000 s, a 
sample volume of 2.25 x 10 - 2 cm3 and the value of the 
incident synchrotron beam of 200 mA, we had 

K n for 1 count » 0.02 electrons per mean atom 
or ä (78 ± 8 ) x 1017 electrons/cm3. 

3. Experiment 

3.1. Sample Environment 

An original furnace was designed to maintain at 
constant temperature a thin liquid specimen in a ver-
tical position without any container. A 0.5 mm diame-
ter platinum wire, shaped into three rings connected in 
series, is the heating element (see Figure 3 a). The cen-
tral ring keeps the solid disk shaped specimen which 
becomes a liquid film at high temperature. The two 
terminal rings are connected to electrodes which feed 
an electrical current; their action is also to reduce the 
deformation of the central ring due to thermal expan-
sion. The current was regulated by means of a P I D 
controlled thyristor, and the signal for control was 
supplied by a 0.1 mm Pt-Rh thermocouple put in the 
central ring, but aside of the beam path. The melt 
temperature was obtained on the basis of a prepara-
tory calibration to check the A T gradient between the 
center of the ring and the position of the control ther-
mocouple. The stability was within + 5°. The heater is 
in a glass box whose top and bottom are made of a 
cooling water jacket. Along the beam path, holes in 
the glass windows let incident and scattered X-rays 
pass without obstacle. The sample film faces were not 
really parallel across the whole ring area (see Fig. 3 b), 
the cross section of the beam had to be limited to small 
dimensions (<1.2 x 1.2 mm2). Another difficulty was 
the variation of the sample absorption due to non-
negligible evaporation during the experiment. For 
each scattering temperature the absorption of the 
sample was measured before and after counting, and 
the mean absorption factor was evaluated giving an 
independent check of the evaporation rate. But the 
short counting time, chosen to reduce this evapora-
tion, gives a statistical error reaching %10% in the 
worst cases. The furnace was installed on the X-ray 
equipment BL-10C, at the synchrotron source in 
Tsukuba. The collimation of the incident beam, its 
small size and its weak divergence with narrow slits 
(height = width < 1.2 mm) permit us to assume a quasi 
pin-hole collimation in this SAXS transmission geom-
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s p e c i m e n 

(a) 

(b) 

Fig. 3. Furnace design, a) original min ia ture furnace built for 
the SAXS study of L i N b O a melt, b) section of the liquid 
sample. 

etry. The wavelength value was controlled from the 
sixth order reflections of the reference collagen sample 
(/. = 0.120 ±0.0001 nm). With the limits imposed by the 
vacuum pipes, the direct beam stopper and the distance 
detector-sample (530 mm), the total scattering vector 
domain explored was 0.20 mm" 1 <k< 14.00 nm"1 . 

3.2. Sample Preparation 

Solid samples were cut out of monocrystals which 
were prepared in the NIR1M at Tsukuba by Czochral-
ski's pulling method from LiNbOa rods obtained by 
sintering. The L i 2 C0 3 and Nb2Os powders of high 
purity (99.99%) and natural isotopic abundance were 
mixed in congruent composition and calcined at 
1273 C for 5 hours. The lamella are thinned by polish-
ing until their weight agrees with the wanted thickness 

of the liquid samples. Two samples were studied at 
decreasing temperatures; the first one, £,, at ten differ-
ent temperatures, in the T-range 1673 K > T> 1518 K ; 
the second one, Eu, at six different temperatures be-
tween 1626 and 1513 K (the lower temperature limit 
depending on the depth of the undercooling domain 
which was reached). During these experiments, the 
thickness of the sample varied from 144 jim to 80 (im 
for £, and from 46 |im to 35 |im for Eu. 

4. Results 

4.1. Reciprocal Space Representation 

The curves of coherent intensity expressed in rela-
tive units, I(k), are shown in Figure 4. For T < 1553 K , 
the intensity rises sharply as k goes to zero. The poor 
accuracy obtained in region {1} is due to low counting 
rate, limited number of experimental points and high 
parasitic air scattering not easily suppressed between 

Fig. 4. Experimental coherent intensity, expressed in relative 
units, versus k\ IQoh(k) at various tempera tures , expressed in 
degrees K. (error bars are given) 
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0.20 nm ~1 and 0.05 nm " 1 . The radius of gyration, Rg, 
obtained from Guinier's approximation applied in re-
gion {1} and the mean radius of gyration, R0m, ob-
tained from the results of region {2} are plotted in 
Figs. 5 and 6, respectively. The large difference be-
tween the values Rg and R0m indicates that two kinds 
of particles are present in the melt, near freezing. The 
small ones, which we refer to as microclusters, show 
sizes with a weak temperature dependence, but the 
large ones, named macroclusters, have a size which 
rapidly increases as T goes down to the freezing point. 
The mean size "a" and correlation length /c relative to 
the small clusters are also plotted in Figure 6. Their 
average distance d is shown in Figure 7. The error 
A0 m % ±0.02° in the 0 m evaluation from the unsym-
metrical interference peak is the main cause of the high 
inaccuracy AJ^ ±0.125 nm. For T> 1600 K, the lin-
ear increase of d with T becomes 0.24 x 10" 4 nm K - 1 , 
a value corresponding exactly to a third of the relative 
density variation measured by Shigematsu et al [2]. 
This confirms a weak change in the size and number 
of microclusters. The linear evolution disappears for 
T < ä 1 6 0 0 K , and an anomalous behaviour is ob-
served centred at 1555 K. Changes in size, shape 
or number of clusters have to be considered around 
this temperature. The large scatter, observed in d, 
could also be due to this cluster rearrangement. The 
particle parameters, such as the volume vp and the 
cross section /4 , determined from the relations of 
Porod using the limits of {I(k)}k^0, {k • I(k)}k^0, and 

• J(fc)}t_0» a r e reported Table 1. 

Rg (nm) 

Table 1. Pa ramete r s of the clusters: volume vp (nm3) and 
cross section Acs„ (nm 2 ) deduced f rom the limits I(k)k^0, 
k • I(k)k^0 and k2 • I(k)k _ 0 using the Porod ' s formula [12]. 
The accuracy is % 10% for these determinat ions. 

T( K) Vv ^csp 

1673 0.09 0.12 
1648 0.23 0.15 
1626 0.43 0.52 
1623 0.44 0.54 
1598 0.44 0.53 
1573 0.45 0.52 
1553 0.45 0.56 
1538 0.94 0.61 
1528 1.44 0.67 
1523 2.30 0.81 
1518 2.49 0.94 
1513 3.20 1.50 

1 5 0 0 1 5 5 0 
T (K) 

1600 

Fig. 5. Evolut ion of the radius of gyrat ion of the macroclus-
ters versus T; RS(T), Rg is deduced f rom Guinier ' s approxi -
mat ion [11], 

1.1 

1.0 

0.9 

0.8 

0 7 

0.7 
0.6 

0.5 
0.4 

m 
i s a m p l e E, 

s a m p l e E,, 

1 5 0 0 1 5 5 0 1 6 0 0 1 6 5 0 

T (K) 

Fig. 6. Paramete rs (in nm) of the microclusters related to the 
interference effect. R 0 m = mean radius of gyrat ion, evaluated 
by the Hosemann ' s me thod [16]. ""a" = mean size, evaluated 
f rom the Ak width of the interference peak. /c = extent of 
coherence evaluated by the Po rod ' s me thod [12] (the solid 
line is the least squares polynomial fit of the sixth order). 
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o sample E | 
. s ample E || 

! d (nm) 

5.0-
= 2 4 * 10" 

i i i .—i - — i 
1500 1550 1 6 0 0 1650 1700 

T(K) 

Fig. 7. Evolut ion of the average distance between the micro-
clusters versus 7; d is evaluated f rom the Ehrenfest me thod 
[15], the solid line is the least squares polynomial fit of the 
sixth order, the dashed line cor responds to a linear increase 
of d(T). 

4.2. Real Space Representation 

Because of the parasitic ripples appearing in the 
curve p(r) obtained from the Fourier transformation 
of the data using the experimental limit kmax for inte-
gration, a second transformation was made using the 
curve extended up to 150 nm - 1 . The supplementary 
data were obtained by computing the theoretical scat-
tering due to spherical microclusters having a radius 
of gyration R0m (value estimated from the peak of 
interference at each temperature). The contrast A^ is 
assumed equal to the difference between the electron 
densities of the solid L i N b 0 3 at Tm and the melt at the 
considered temperature. By this artificial extension, 
the termination ripples were suppressed while the real 
peaks were slightly altered. Nevertheless, the trend 
of the peaks, observed in the functions p{r) and 
f (r) = p(r)/r (Figs. 8 and 9), was only used to find the 

P(r) 

r e l a t i v e 
units 

1 5 9 8 1 6 4 8 

r (nm) 

Fig. 8. Distance dis t r ibut ion funct ion p(r) p lot ted at differ-
ent tempera tures (T in degrees K). 

Fig. 9. Funct ions f (r) — p(r)/r, pot ted at different tempera-
tures (expressed in degrees K); experimental curves (—); as-
sumed contr ibutions: chain ( — ) , spherical microclusters 
(• • •) and macrocluster ( - • - ) ; the values rimo> and K j m a x are 
determined with an accuracy of 10%. 

1 5 3 8 
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class of possible cluster models [12,13,16]. The largest 
dimensions of the particles, deduced from these 
curves, are given by the r values where the peaks drop 
to zero in both functions. Only one peak is observed 
at the highest temperature. Its shape represents clus-
ters having a length superior to the lateral sides 
(chains, rod-like particles or prolate ellipsoids). The 
length is given by Rlmax, the r value where this peak 
drops to zero, and the lateral side dimensions are 
obtained from the position of its maximum r lmoy. On 
lowering the temperature, R l m a x weakly increases 
while the maximum maintains its value r lmoy . Then 
the peak is deformed, its maximum is weakly shifted to 
higher r values but a shoulder subsists on its left hand-
side, always located at the same value r lmoy . Th is evo-
lution is clearly seen in the function / (r). Its deforma-
tion is assumed due to the presence of two kinds of 
particles, so the peak is resolved into two contribu-
tions. The first one, assumed due to elongated parti-
cles, keeps the shape observed at 1648 K with the 
dimensions R l m a x and r l m o y . The second one, obtained 
after subtraction of the first one, has a shape corre-
sponding to spheres of diameter R2max, the r value 
where this second component drops to zero. This as-
sumption is consistent with the value r2moy of its max-
imum since r2moy% 0.525 x R2max, as it is described by 
Glatter et al. [13]. At 1553 K a broad peak ap-
pears on the right hand-side; it has been related to the 
quick aggregation of the particles. The increase in its 
area, the variation in its position and shape with the 

I M \ \ i i h ^ o, : "in 
o 1 1 1 i. L i 1 1 . 
1500 1600 1700 1500 1600 1700 

T ( K J T (K) 

Fig. 10. Evolut ion of r imoy and /? imax values (in nm) defined 
f rom the / (r) funct ions versus T. 

lowering T can be explained by the presence of spher-
ical macroclusters with a diameter R3max , the r value 
where this peak drops to zero and the position of its 
maximum r3moy % 0.525 x tf3max. The values rimoy and 
Rimax are plotted in Fig. 10 in terms of temperature. 
The shapes assumed and the size limits deduced from 
p(r) and / (r) are reported in Table 2. We have used 
these results only to choose the most probable de-
scriptions amongst the cluster models obtained from 
the parameters previously determined in reciprocal 
space. 

Table 2. Assumed shapes for the particles and their size limits (expressed in nm) deduced f rom the funct ions p(r) and / (r) 
in real space. The values r imoy and R i m a x are obta ined with an accuracy of 10%. 

T ( K ) Cluster shapes and size limits 

microclusters macroclusters 

3 

r r r R R R lmoy 2moy 3moy 1 max 2max 3n 

1673 chain 2 N b 0 6 - - 0.28 0.8 
1648 chain 2, 3 or 4 N b 0 6 - - 0.28 1.60 
1626 chain 2, 3 o r 4 N b 0 6 sphere O i < 0 < 1.0 - 0.28 0.47 1.60 0.95 
1623 chain 2, 3 o r 4 N b 0 6 sphere O.S < 0 < 1.0 - 0.28 0.47 1.60 0.95 
1598 chain 2, 3 o r 4 N b O e sphere O i < <Z>< 1.0 - 0.28 0.47 1.60 0.95 
1573 chain 2, 3 or 4 N b 0 6 sphere Oi < 0 < 1 . O - 0.28 0.47 1.60 0.95 
1553 chain 2, 3 or 4 N b 0 6 sphere Oi < 0 < 1.0 sphere 5.5 0.28 0.47 2.80 1.60 0.95 5.5 
1538 chain 2, 3 or 4 N b 0 6 sphere Oi < 0 < 1.0 sphere 8.6 0.28 0.47 4.40 1.60 0.95 8.6 
1528 chain 2, 3 o r 4 N b O e sphere O.S <<f < 1 . 0 sphere <P^s 10.5 0.28 0.47 5.70 1.60 0.95 10.5 
1523 chain 2, 3 o r 4 N b 0 6 sphere Oi < 0 < 1 . O sphere 11.8 0.28 0.47 6.20 1.60 0.95 11.8 
1518 chain 2, 3 o r 4 N b O e sphere Oi < 0 < 1.0 sphere 13.5 0.28 0.47 7.00 1.60 0.95 13.5 
1513 chain 2, 3 or 4 N b O e sphere Oi < 0 < 1 . O sphere 17.0 0.28 0.47 8.70 1.60 0.95 16.5 
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5. Discussion 

5.1. Microeluster Models 

The interference patterns confirm the presence of 
microclusters in the whole temperature domain ex-
plored in this work. Models are built using NbOe 

octahedra since in this temperature range it was veri-
fied previously [7, 8] that Nb is octahedrally coordi-
nated. In the melt, the clusters are probably built in a 
way similar to that of the dense paraelectric phase just 
before melting. The corner-sharing NbOö octahedra 
display a regular periodic sequence of L i and Nb 
atoms. Th is distribution can be reproduced locally by 
chains of octahedra, by Re03-type slabs [26] consti-
tuted by chains laterally linked in the same plane, and 
by regular or deformed elementary blocks built with 
two slabs of (2 x 2 x 1) NbOe octahedra interlocked 
by a L i atom (see Figures 1 and 11). These simple 
forms are matched with geometric forms such as cylin-
ders, ellipsoids, lamella, prisms and spheres, respec-
tively, whose parameters can be computed and com-
pared with the experimental values R0m, "a" and /c. 
The retained shapes are selected on the basis of the 
agreement between computed and experimental val-
ues. Taking into account the maximal dispersion ob-
served for the value of /c at T=1553 K , we have re-
tained all the models in which / c < l . l n m . At 
T=1673 K , microclusters have therefore been de-
scribed in their simplest forms as dimers of Nb0 6 

octahedra. Below T = 1648 K , chains of at most three 
or four octahedra (the number of octahedra in the 
chain being limited by the experimental value /) and 
slabs of ( 2 x 2 x 1 ) octahedra could be present. At 
1626 K, blocks of ( 2 x 2 x 2 ) octahedra and slabs of 
( 3 x 2 x 1 ) octahedra could appear and subsist down 
to freezing. These results are compared with those 
deduced from Porod's law, reported in Table 1, and 
with those obtained in real space, reported in Table 2. 
From 1626 K to 1553 K . the average section of the 
scattering particles, /lcsp, remains constant and equal 
to %0.55 ±0.05 nm2, their mean volume, vp, is also 
constant and equal to % 0.44 ±0.05 nm3. These values 
are in good agreement with the section and the vol-
ume of a block of (2 x 2 x 2) octahedra. The evolution 
of /lcsp and vp, observed for T< 1553 K could be ex-
plained by the presence of the large clusters at low 
temperatures. The values of thickness deduced from 
Porod's law do not agree with the r lmoy values ob-
tained in real space, and the lamella shape does not 
correspond to the forms (rod, regular prism or sphere) 

Nb-O/v 19 nm 

(a) 

d 

% f 
fc 
c A hs/d k 

V 
A h ^ J k 

= 9.6 nm 

(b) 

A O linked to Li 

® O common to t w o octahedra 
(C) 

Fig. 11. Possible forms of microclusters. a) cha ins of two and 
three N b O & octahedra , b) slabs of (3 x 2 x 1) N b O ö octahe-
dra, c) deformed block of (2 x 2 x 2) N b O & oc tahedra . 

deduced from the components of / (r). So the slabs 
were not retained in this work. 

5.2. Cluster Evolution 

The number of microclusters, nmc, is evaluated from 
the J value. For instance at 1626 K , this number is 
>imc%(109±9)x 1017 cm""3. The evolution of I(k)k^0 

and the non linear temperature dependence of d were 
explained by a regrouping of microclusters. At the 
onset of macroclustering, the number of macroclus-
ters, NMc, consisting of a few microclusters, is assumed 
large enough to give a perceptible interference effect 
seen as a shoulder on the left hand-side of the interfer-
ence peak. By lowering the temperature, the size of 
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these large particles probably increases by regrouping, 
their number decreases, so their interference effect is 
wiped out, but at the same time their contribution 
appears as the rise of the curves for k => 0. 

Th is correlates with the anomalous rise of viscosity 
[1-3] below 1553 K (see Figure 12). Such deviations of 
viscosity, at the approach of a freezing point, were 
explained by Ubbelohde [27] as a "clustering" in the 
melt. At any temperature, 7], the viscosity, >7, , may be 
written in the form of a series expansion in powers of 
the cluster volume fraction, <P{, as 

rli/rJo = l+0L<Pi + ß<P?+..., (13) 

where r]0 is the viscosity of the medium at Tt in the 
absence of any clusters [28], For not exceeding 
about 0.3, the series may be terminated at the third 
term with ol^ 2.5 for spheres (%2.0 for rods) and 
ß^l.O. The viscosity follows the exponential relation 
of Arrhenius, and the viscosity-temperature relation-

T ( K) 

Fig. 12. Variation of viscosity versus T; t](T). a) kinematic 
viscosity measured by Bol ' shkov et al. [1] as a funct ion of 
t empera tu re dur ing heat ing and cooling after holding for 
2 5 - 3 0 min. To establish the k inemat ic viscosity, the au thors 
de termined the logar i thmic d a m p i n g decrement and tor-
sional oscillation period of the crucible in the melt, b) viscos-
ity measured by Shigematsu et al. [2] using a Pt sphere bal-
ance viscometer. The time required to move the sphere in the 
melt is measured by a s topwatch and the viscosity calculated 
f rom this time, referring to the cal ibrat ion curve which was 
obta ined by a measurement of silicon oil of known viscosity. 

Table 3. Viscosity da ta measured by Shigematsu et al. [2], 
The volume fraction of clusters, <£, , is deduced f rom the 
and ri0 values th rough (13). The first two values are obta ined 
on the ext rapola ted curves. 

T( K) Viscosity ( x 

V, 

10 2 poise) 

flo 

<t>, (in %) 
Volume frac-
tion of clusters 

Ext rapola ted da ta 

1673 4 4 0 
1648 10 10 0 

Measured da t a 

1626 19 18.9 0.4 
1623 22 21.7 0.5 
1598 38 37.5 0.6 
1573 45 43.9 1.0 
1553 60 57 2.0 
1538 75 64 6.0 
1533 85 67 8.5 
1528 101 69 13.5 
1526 109 70 15.5 
1523 118 71 17.7 
1518 128 72 20.0 
1513 150 76 23.5 

ship is given by 

log q = A + B/T, (14) 

where A, depending on r]0, is inversely proportional to 
the cluster volume, and B has the properties of an 
activation energy. These values are accessible by ex-
periments when the Arrhenius behavior is observed in 
a sufficiently, large T-domain above Tm. The results 
obtained by Shigematsu et al. [2] are reported in 
Table 3. Assuming that the sharp increase of >7, ob-
served at 1553 K , is only due to the "macroclustering", 
these authors have estimated the mean macrocluster 
volume as 74 nm3 at this temperature (that is to say a 
volume equivalent to a sphere of radius r s%2.6 nm 
and constituted by % 1682 +10 elemenatry blocks of 
( 2 x 2 x 2 ) octahedra). Their estimation of the size of 
clusters is reported in Table 4, together with our ones 
deduced from the experimental values assuming 
spherical aggregates. At 1553 K , a difference AvMc/ 
vMc = 20% is observed between the macrocluster vol-
umes evaluated from the two approaches. 

5.3. Evaluation of Cluster Numbers 

With some simplifying assumptions it is possible to 
deduce roughly the number of clusters present in the 
melt at Tt from the <2>, and values. For this, we 
assumed cylindrical shape for the chains and spherical 
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Table 4. Exper imenta l values of RG (nm), the radius of gyra-
tion of the macroclusters , versus tempera ture . The parame-
ters of particles: radius rs (nm), Volume rM c (nm 3) and surface 
sMc (nm 2) are calculated for spherical macroclusters . The 
values in brackets are ob ta ined by Shigematsu et al. [2]. 

T( K) Radius rs Average Average T( K) 
volume surface 
lMc 

Ext rapola ted da ta 

1598 0.8 1.0 4.6 13.4 
1573 1.4 1.8 24.7 47.1 

Measured d a t a 

1553 2.2 + 0.6 2 . 8 + 0 . 8 92 1.0 x 102 

{2.6} {74} {0.9 x 102} 
1538 3.2 + 0.6 4 . 1 + 0 . 8 290 2.1 x 102 

1533 3.7 + 0.6 4.8 + 0.8 463 2.9 x 102 

1528 4.2 + 0.6 5.4 + 0.8 660 3.7 x 102 

1526 4.4 + 0.6 5.6 + 0.8 756 3.9 x 102 

1523 4.6 + 0.6 5.9 + 0.8 860 4.4 x 102 

1518 5.2 + 0.6 6.7 + 0.8 1260 5.6 x 102 

1513 6.8 + 0.6 8.8 + 0.8 2850 9.7 x 102 

shape for the blocks ( 2 x 2 x 2 ) octahedra and for the 
macroclusters. At 1673 K and 1648 K , the microclus-
ters are described as chains of 2 and 3 Nb0 6 octahe-
dra for which the volumes are ^0.09 and %0.13 nm3, 
respectively. For these two temperatures, the be-
haviour of the viscosity (>/,• = >70) corresponds to the 
one of a liquid without any cluster with <f>, equal to 
0%, although the computed total volume of chains 
corresponds to <P' equal to 0.09 and 0.13% of the 
sample, respectively. Th i s fact is explained by assum-
ing that the small chains have no real influence on the 
viscosity in this T-range. Therefore from 1626 K , we 
have neglected the chains due to this observation. 
Only the blocks of (2 x 2 x 2) NbOe octahedra are 
retained to describe the small clusters. With this as-
sumption, the volume of microclusters, given by 
Vmc — nmc • vmc appears approximately constant with 
vmc, the volume of small blocks ( 2 x 2 x 2 ) Nb0 6 , eval-
uated as %0.44 nm3. But from 1626 K to 1553 K , the 
experimental value weakly increases. At 1626 K the 
negative deviation (<£, — <i>') was explained by the pres-
ence of some chains (about 25% of nmc). At 1623 K , 
the values and <£' are in good agreement. Then at 
1598 K. and 1573 K, the deviation becomes positive; it 
was explained by the progressive beginning of macro-
clustering observed as a shoulder on the SAXS curves. 
For these two temperatures Guinier s approximation 
cannot be applied, also the volume of a macrocluster 
is evaluated using the extrapolated Rg values (see 

Fig. 5 and Table 4). Their number, NMc, is deduced 
from as NMc = (100 Vmc)/vMc, assuming <Z>' = tfv 
This method is always applied for T<1553 K , with 
the volume lMc calculated from the experimental ra-
dius of gyration Rg . The rough number of small 
blocks, nb, contained in a macrocluster is given by 
nb^vMc/vmc, assuming "macroclustering" due to a re-
grouping of small blocks. These results, normalized to 
1 cm3, are reported in Table 5, and their evolution 
versus T i s shown in Figure 13. On further cooling, the 
macrocluster size increases rapidly, and the sharp vis-
cosity change might be caused by these large aggre-
gates. In the undercooling domain the rapid decrease 
of NMc could be due to a formation of very large aggre-
gates as crystalline embryos. 

A control of our assumptions is obtained by com-
puting the total area, SXotal, of scattering particles. The 
computed specific surface per unit volume, Ssp2 = 
S Total/Kampic is then compared to the experimental 
specific surface, Sspl, related to the limit {kAI{k)} 
through (6). The product k41 (k) remains constant over 
a reasonable /c-interval only at few temperatures. The 
Sspl values are computed with the density contrast, Ag, 
evaluated assuming a cluster density equal to the crys-
talline one extrapolated to the appropriate tempera-
ture. On account of errors made in density and viscos-
ity measurements, these determinations were obtained 
with an accuracy of +20%. For instance at 1523 K , 

Table 5. N u m b e r of clusters in 1 c m 3 of melt. NMC and NNC: 
numbers of micro- and macroclusters , respectively. nb : num-
ber of blocks of (2 x 2 x 2) N b O & oc t ahedra in a macroclus-
ter. F tolal: total volume of clusters (nm3) . <Pimc and <PiMc: vol-
ume fractions of the micro- and macroclusters , respectively. 

HK) NUe nb nmc KTotal <P' in % = 
xlO1 7 x 1017 xlO1 7 <*>imc + <*>iMc 

1673 100± 8 9 0.09 
1648 103 ± 8 13.4 0.13 
1626 109 ± 8 48.0 0.48 

75% blocks 36.0 
+ + 0.40 
25% chains 4.0 

1623 105 ± 8 46.2 0.46 
1598 105 + 8 44.9 0.45 
extrapolated 3.2 32 105 ± 8 44.9 0.45+ 0.15 
1573 109 ± 9 47.9 0.48 
extrapolated 2.2 69 109 ± 9 47.9 0.48+ 0.52 
1553 1.71 210 98 + 12 200.0 0.43+ 1.57 
1538 1.93 660 90+12 600.0 0.40+ 5.60 
1528 1.98 1500 99+10 1350.0 0.44+13.06 
1526 1.99 1720 98+10 1550.0 0.43 + 15.07 
1523 2.01 1955 96+10 1770.0 0.42 + 17.28 
1518 1.55 2865 109+ 10 2000.0 0.48 + 19.52 
1513 0.81 6475 104+ 10 2350.0 0.46 + 23.04 
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Fig. 13. Evolution of the number of micro- and macroclus-
ters in one cm 3 of melt versus 7 ; nm c (v): number of micro-
clusters, JVMc (•): number of macroclusters , nb (o): n u m b e r of 
blocks of (2 x 2 x 2) N b 0 6 in a macrocluster . 

Table 6. Limit of the normalized p roduc t k* • I(k). The 
specific surface 5 s p i is obta ined f rom the limit k 4 • I(k). The 
surface S r o t a ) (nm2) is computed with macroclusters and small 
blocks. The values S s p l , S s p 2 and their difference AS s p ( 1 _ 2 ) are 
expressed in n m - 1 . 

T( K) Limit k4 I(k) Ssp, , •̂ Total Ssp2 , AS
Sp(l-2, 

(nm"1) smicro+smacr< , (nm ') 
(nm2 x 107) 

1553 0.054 + 0.006 0.036 + 0.008 227+171 0.040 -0 .004 
1538 0.041+0.004 0.075 + 0.015 208 + 405 0.061 + 0.014 
1523 0.030 + 0.003 0.115 + 0.023 223 + 884 0.111 + 0.004 
1518 0.023 ±0.003 0.111 ±0.022 253 + 868 0.112 -0.001 

we obtain Ag % 3.4 + 0.5 atoms • nm ~3 with A£cluster ~ 
17.7 + 0.2 atom • nm - 3 and A^matrix% 14.3 ±0.3 atom • 
nm - 3 ; this last value is obtained with the density of 
the liquid matrix deduced from the melt density data 
[2] after correction to take the presence of clusters into 
account as dmalTix = (dmelt-(Pi • dcluslei)/(l -<*>,). The 
values AS sp l , Ssp2 and their difference AS sp(1_2) = 
Sspl—5sp2 are reported in Table 6. The deviation is 
always included in the error limits. 

The results obtained from different determinations 
are in good agreement. Nevertheless, the numbers of 
clusters can be contested since we have to make as-

sumptions on the shapes and the electronic density of 
the scattering particles. 

6. Conclusion 

The study of liquid L i N b 0 3 , using SAXS, has 
shown that microclusters are present in the liquid be-
low 1673 K and subsist down to freezing. Chains and 
blocks formed by corner sharing NbOe octahedra 
have been suggested to describe these microclusters. 
Below 1575 K . macroclustering appears to result from 
a re-arrangement of the microclusters. The sharp in-
crease of the viscosity could be explained by the vol-
ume fraction of clusters in the melt. For each temper-
ature the number and volume fraction of clusters has 
been obtained from a combination of SAXS and con-
ventional viscosity data. The limits of precision are 
unambiguously reported. Taking the low accuracy of 
high temperature experiments into account, our data 
can seem over interpreted. Nevertheless these results, 
obtained from an original method, give a possible 
explanation of the evolution of the melt structure near 
solidification. We conclude that SAXS results, con-
nected with viscosity measurements, are a very effec-
tive tool to study clustering and nucleation in the 
domain of precrystallization. 
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