PHYSICAL REVIEW E VOLUME 61, NUMBER 3 MARCH 2000

Structural properties of liquid Al ,05: A molecular dynamics study
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Molecular dynamicgMD) simulations of liquid aluminum oxide (AD;) were carried out on a system with
up to 1800 particles, using a pairwise potential. All simulations were done in the microcanonical ensemble, for
two densities, 3.0 and 3.175 g/Emit temperatures of 2200, 2600, and 3000 K. A detailed analysis of the
interatomic distances, given by the partial pair-distribution functions and the bond-angles distribution, reveals
that in the liquid state there is a short range order dominated by a somewhat distortgi®(Al€rahedron,
in agreement with recent experimental measurements. This conclusion is supported by the distribution of
nearest-neighbor coordinations, where more than 60% of Al atoms have four O as nearest neighbors. This
finding does not change over the explored temperature range. Because of the presence of twofold rings, the
connectivity of (AIQ,)%~ units consists of corner, edge, and face sharing tetrahedra. Based in this structural
information, i.e., bond lengths, coordination numbers, bond-angle distributions, and ring statistics, our MD
simulation allows us to put forward a possible structure of liquigOl

PACS numbds): 61.20.Ja, 61.25:f

[. INTRODUCTION As far as the structural properties of liquid alumina are
concerned, two experimental studies have been published re-
Aluminum oxide, AbOs, traditionally referred to as alu- cently, one by Wasedat al. [13] and the other by Ansell
mina, is a very important ceramic material with many tech-et al. [14]. Unfortunately their results are in disagreement
nological applications. Its great usefulness as a technologica¥ith each other. The measurements of Waseda etral.
system rests primarily on its extreme hardn@dsh 9), high ~ were done by means of x-ray diffraction technique, at the
melting point (2327 K), and low electrical conductivity temperature of 2363 K. The radial distribution function was
(1072 S/m at 20°C). It has a wide range of applications,estimated by using the interference function refining tech-
from electronics, optics, biomedical and mechanical enginigue, assuming a density=3.01 g/cni, obtaining for the
neering to catalyst support. Crystal polymorphs of aluminapair distribution function a first peak at 2.0 A and a second
particularly its thermodynamically stable phaseAl,O;, or  peak at 2.8 A. They have also calculated the partial distri-
corundum, have been studied rather extensively, both experpution functions, obtaining for nearest neighbor interatomic
mentally and theoretically, with emphasis on properties andlistances A-O, O—O, and AAl, the values 2.02 A,
phase transitions at room temperature. In spite of that, ther2.82 A, and 2.87 A, respectively. The Al coordination
are many metastable structures which so far are not wetiumber was estimated to be 5.6. Thus, octahedrally coordi-
understoodsee for example, Refl], and for a more recent nated aluminum is found as the fundamental cluster configu-
review see Ref(2]). ration in the melt. These results contradict the ones found by
Liquid alumina is also of great interest both from the ex-Ansell et al, who reported measurements using x-ray syn-
perimental and theoretical points of view. It is a well- chrotron radiation at 2663 K and 2223 K. They used the
recognized reference material in high temperature applicamaximum entropy Fourier transform method, assuming a
tions, hence knowledge of its properties is essential fodensity of 3.175 g/crh to obtain the pair distribution func-
industrial application in materials processing such as sintertion. The first peak is at 1.76 A and the second peak at
ing reaction for producing new ceramif8]. In addition, 3.08 A, and the Al coordination number was estimated in
molten alumina is one of the precursors for the allotropic4.4+1.0. These results imply that fD; undergoes a major
form y-Al,05, and atomic-level information about its struc- structural rearrangement on melting, with an Al coordination
ture would be very useful to understand the transition tochange from octahedrdkolid phasg to tetrahedrakliquid
wards the stablex-Al,O; phase. phas¢, which remains over a temperature range of 500 K.
However, in contrast to the crystal phases, only a fewThe interatomic distances were estimated to be 1.76 A for
studies exist about liquid alumina. This is partially due to theAl—O and 3.08 A for @-0. No explanation that might
difficulties of doing experimental studies at elevated tem-account for this discrepancy with the results of Wasetdal.
peratures, and also because the theoretical approaches emas been provided by Ansaedt al. It should be noted that in
ployed are usually restricted to applications at 0 K. For liquidthe former experiment the sample was heated in a molybde-
alumina, there are measurements of its volume expafdion num cell, whereas in the second one the specimens were
and optical propertie$5,6]. Recently, the Al coordination levitated in a conical nozzle and melted with a laser. How-
numbers have been estimated from NMR measurements iver, the coordination number found by Ansetlal. is sup-
liquid Al,O; [7,8] and in glass as well as in liquid ported by the measurements done by Coutetes. [7] and
Al,05-Si0, [9,10]. Also, solidification behaviof11] and the  Massiot et al. [8] using 2’Al magic-angle spining NMR
pressure dependence of its melting temperafdd have spectroscopy on liquid AD3, from which it is inferred that
been reported. liquid consists of predominantly four-coordinatecfAJ with
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an average Al coordination number of 4%.0. Similar TABLE I. Potential parameters for A0;.

NMR results have been obtained for the,@4-SiO, system, A oy
both for glass quenched from the méd] as well as for ale) A (A B (A) C (A® kI molt?)
liquid [1((;]. Mor(ra]o:/jer,I quenghet{lexpetr)imentti do sulgport th_isAI 14175 0.7852 0034 36.82
proposed tetrahedral coordination above the melting poin 09450 18215 0.138 90.61

because high cooling rates>(L0° K/s) from melt result in
crystallization of eithery-Al,O5; or various ordered transi-
tion Al,O5; phases, all containing tetrahedrally coordinated
aluminum[15].

In view of the above discrepancies, it would be very in-
teresting to perform a theoretical study on the structure o
liquid Al,O; which might contribute to resolving this con-
troversy. Molecular dynamic$MD) techniqueg16] seem
well suited to tackle the type of problems at hand. In fact,

and has been demonstrated to reproduce a number of experi-
mental properties such as structure, density, bulk modulus,

hermal expansivities, and melting temperatures among oth-

rs[29,30. The potential employs pairwise additive inter-
atomic terms of the forms

three recent MD works have obtained interesting results us- ;- ai9; _ GG 4 D(B.JFB_)eXp( m>
ing pair potentials. In Refd.17,18, the authors calculated Toom xf L Bi+B;
the melting temperature with respect to the pressure using (2.9

the so-called “two-phase methods,” obtaining a close agree-
ment with the experimental values. They also presented th@here the terms represent Coulomb, van der Waals, and re-
pair distribution function at 2663 K. San Miguet al. [19]  pulsion energy, respectively. Herg is the interatomic dis-
have performed MD simulations for systems at temperaturegance between atomisandj, andD is a standard force con-
ranging from 2200 K to 3000 K. They have found that thestant 4.184 kJ A' mol™!. The effective chargey, the
liquid structure is invariant as a function of temperature atepulsive radius\, the softness parametBr and the van der
constant volume, and concluded that more than 50% of Alvaals coefficient<C are the energy parameters, which are
atoms are tetrahedrally coordinated at four different temperaisted in Table I. The long range Coulomb interactions are
tures. These three papers are in good agreement with th&lculated with the Ewald summation technique. In the simu-
results of Anselkt al, giving support to the thesis that short |ation, the equations of motion are integrated with a modifi-
range order in molten alumina is defined essentially by &ation of the Beeman algorithii81], using a time stept
(AlO,)°~ basic unit. =1x10"'% s. All the calculations were done using the
In this contribution we report on a MD study of liquid moLpby program[31].
A|203. Our main goal is to investigate in detail the short and The AIZOS ||qu|d systems were genera‘[ed by starting with
intermediate range order of the liquid structure as inferrechn initial orthorhombic lattice corresponding 6Al,0; at
from the pair-distribution function, coordination number, andthe density of 2.75 g/cn This initial low density system
bond-angle distribution. We will also discuss the effect Ofwas chosen in order to have a ||qu|d at 5000 K at zero pres-
temperature and pressure on these properties. The preseffre[18], and also to avoid the unphysically attractive fea-
paper is organized as follows: after this introduction, in Sectyres of the potential at very short distance, as is discussed in
Il we present an outline of the MD simulations for liquid Ref.[32] for this kind of potential. Thus, this initial configu-
Al;03. Results for pair-distribution functions, bond-angle ration is heated to 5000 K and thermalized for over 45000
distributions, and ringS statistics are presented in Sec. Ill. A|me Steps_ Then, the Samp|e is cooled to 3000 K and ther-
discussion of our findings and the conclusion are drawn ifmajized for over 55 00@t. In the thermalization process the
Sec. IV temperature was lowered with velocity scaling at intervals of
10 time steps during the first 10 0@Q, after that the system
Il. COMPUTATIONAL PROCEDURE is .aIIovv'ed to reach'the equilibrium \{vithout any disturbance.
With this well-equilibrated AJO5 liquid at 3000 K we pre-
Molecular dynamics simulations are carried out in the mi-pare the two systems, reducing simultaneously the lengths of
crocanonical ensembleNVVE) for N=1800 atomg720 Al the MD cell and the position of all the atoms. From this stage
and 1080 @, in an orthorhombic cell, using periodic bound- we thermalized the systems at 3000 K for over 45 @a0
ary conditions. Two systems were prepared, at mass dengireliminary simulations were tried with different schedules
ties of p,=3.0 g/cn? and p,=3.175 g/cm, in order to  and different initial configurations, but no significant differ-
compare with reported experimerits3,14], and run at three ences were found.
different temperaturesT=2200 K, T=2600 K, and T
=3000 K. The cell box lengths are,=27.175 A, L,

=26.148 A, and_,=28.580 A for the low density system Il RESULTS
andL,=26.667 A,L,=25.659 A, and.,=28.045 A for Complete information on the structural correlations of the
the high density system. simulated liquid can be inferred from pair-distribution func-

A major issue in MD is the choice of the interaction po- tions, coordination numbers, bond-angle distributions, and
tential. In addition to somab initio MD simulations on alu-  ring statistics. Atomic trajectories from MD simulations are
mina[20,21, a number of interatomic potentials have beenused to calculate these kinds of positional and angular cor-
developed to study AD; in its different phase$22-28.  relations. All structural properties are calculated by taking
Following previous works[17,18, we have adopted the the average over the last 100 configurations, separated by
transferable potential of Mats(iR5], which is still simple 100 time steps. In the case of the pair-distribution function,
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FIG. 1. Total pair-distribution function for liquid AD;. Dashed
and dotted line, experimental results of Wasetlal. and Ansell et

al., respectively. Solid line, MD result.

we take an average over 2000 configurations separated by 10

time steps.

A. Pair-distribution function
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Basic information about structural correlations is derived

from the partial pair-distribution functiong,s. In a binary

system these are determined from

(Ngp(r,r+Ar)) VvV

(23 r =
Gur(1) 4arr2Ar Ng

(a,B=A1,0), (3.1

FIG. 2. Total pair-distribution function for liquid ADs, calcu-
lated at three different temperatureb=2200, T=2600, andT
=3000 K, and at two different densitie&) p,=3.0 g/cn? and
(b) pp=3.175 g/cm.

2.85 A in the low density system to 2.80 A in the high

where(n, 4x(r,r +Ar)) denotes the average number of par-density system. The other features of the curves are almost

ticles of species3 surrounding a particle of speciesin a
spherical shell between and r+Ar, and Ng
number of particles of specigs(beingN=N,+ N the total
number of particles in the systenThe total pair-distribution

functions are obtained from

g(r)=§a) 2/;, CaCpUap(r),

wherec, g =N, /N is the concentration ok(3) species.
The total pair-distribution functiong(r) from the work
of Wasedaet al. and from the work of Ansellet al. are

(3.2

is the total

the same. In both systems the Al coordination number is 4.4,
calculated with a cutoff located at the first minimagffr).
Thus, regarding the density of liquid alumina, aside from the
shift in the second peak, no significant changes were found
in the range explored which roughly corresponds to the ex-
perimental density valuf83,38. With respect to the behav-
ior at different temperatures, the only noticeable changes are
the heights and widths of the peaks: the higher the tempera-
ture, the lower and wider is the peak. This is an expression of
the increased disorder with temperature. The same trend is
found in the partial pair-distribution function as well as in
the angle distribution. These results agree well with the ones

shown in Fig. 1. Together with these experimental estimate)f Ansell et al, except for the position of the second peak,
we plot our computedy(r) corresponding to the system at for which the value obtained in our simulation is smaller, as
density 3.175 g/cthand temperature of 2200 K. The two in the case of the work of San Miguet al., and for the
experimental results are quite different from one another, a@idth of the peaks they are narrower than the experimental

we already pointed out. The computg@r) shows a better
agreement with the results of Ansell al., especially in the

ones. Based on these considerations, we will in the rest of
this paper extract conclusions for the results of the high den-

first peak, although at distances beyond 5 A the curves difsity systemp,=3.175 g/cm, at T=2200 K, which corre-
fer. In spite of that, the simulated liquid reproduces the ex-sponds to the supercooled system of Anselal.

perimental results of Ansekt al. at short distances very

well, as we will show below.

The partial pair-distribution functions are shown in Fig. 3.
We find that the A0 and G—O bond lengths, given by

In Figs. 2a) and 2b) we show the computed total pair- the positions of the first peak ij_o andgo_o, are 1.75 A
distribution functions at two different densities and at threeand 2.75 A, and the corresponding full width at half maxi-
temperatures. From Fig(®, which corresponds to the lower mum (FWHM) are 0.4 A and 0.6 A, respectively. The
density system, we can see that the only change which hapearest-neighbor distance for-AlAl is 3.15+0.4 A. It is
pened under pressure is related with the height of the peakslear from this figure that the second peakggf) is due to
whereas the position remains almost the same. Similar bex superposition of ©-O and Al—AIl nearest-neighbor dis-
havior is shown in Fig. @) corresponding to the high den- tances, and not only due t0-©0 closest distance. Also, the

sity system. Comparing Figs(& and 2Zb), we notice that

third peak of the total pair-distribution function at 4.25 A,

while the first peak is located at the same position in bothaccording to this simulation, comes from the-AD second
figures, 1.75 A, the second peak shifts to the left, fromnearest neighbors, and not from-@D next nearest neigh-
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0 ' FIG. 4. Distribution of Al and O nearest-neighbors coordination
in liquid Al,O;, at the density,=3.175 g/cm, at three different
2r Total 7 temperatures: 2200 K, 2600 K, and 3000 K.
1t . . .
] coordinated O atoms increases a little at the expense of the
0 s s e three-coordinated O atoms. The overall picture can be seen
0o 1 2 3 4 5 6 7 8 9 10 as a consequence of increased disorder and interdiffusion
r (A when the temperature increases. In fact, this trend remains

the same when one decreases the temperature and obtains an

FIG. 3. Partial pair-distribution function for liquid AD;, atthe  amorphous system, where the distribution of coordination

densityp,=3.175 g/cri and temperatur@ =2200 K. number presents a clear maxima at four-coordinated Al and
three-coordinated ¢34].
bors(at 5.15 A), as was suggested by Ansalial.

In order to obtain more information about the short range
correlations, it is essential to supplement the information of
the bond lengths with the nearest-neighbors coordination Valuable information about the local structural units and
numbers. The average coordination numigs is calculated  their connectivity in the liquid is provided by the bond-angle
from distribution P 4, 0). Figure 5 displays the bond-angle dis-
tribution calculated with A-O, O—O, and Al—Al cutoff
distances of 2.2, 3.2, and 3.7 A, respectively. The
O—AI—O bond angle distribution has a peak at 95°,
Al—O—O0 at 40° and ©-0—O0 at 60°, with FWHM of
wheren=N/V is the average number density. Thus, within30°, 10°, and 10°respectively. Knowing that the coordina-
the cutoff distanceRy_o=2.2, Ro_o=3.2 and R,_,  tion number of Al is around four, and combining these re-
=3.7 A, the Al atom is on the average surrounded by 8.24sults with the interatomic distance, we can conclude that the
Al atoms and 4.1 O atoms, while the O atom is surroundedasic unit in molten alumina is a somewhat distorted tetra-
by 2.72 Al atoms and 8.84 O atoms. Figure 4 shows histohedron (AIQ) ~°, where the oxygen atoms at the vertices
grams with the distribution of coordination numbers for dif- forms a nearly perfect tetrahedron, but where the Al atom is
ferent kinds of neighbors at three different temperatures. Waot placed at the very center. The bond angles in an ideal
can see that &f=2200 K, more than 60% of the Al atoms tetrahedron arez O—Al—0=109.47°, £ O0—0O—0=60°
have tetrahedral coordination, and more than 60% of the @nd 2 Al—O—0=35.26°.
atoms have three Al atoms as first nearest neighbors. The The connectivity of these tetrahedra can be ascertained
coordination number for A-Al is peaked at 8 and for through the remaining bond-angles and rings analysis. In
O—O it is peaked at 9. Note that the number of Al atomsFig. 5 the distribution of A-Al—AI displays a peak around
coordinated with six oxygen atoms is small, suggesting tha0°, and a hump between 80 to 120°. The distribution of
the presence of Al octahedra, if present at all, must be Al—O—Al angles, which tells us about the connectivity of
very small(less than 2% two basic units, shows a peak at 115°, with a FWHM of 50°.

Although these numbers change very little over the rangé&o, Al atoms are linked to O atoms at 115°, and at the same
of temperatures considered, we can see that in the @l time, Al atoms form an equilateral angle. Taking into ac-
coordination number, the fraction of three-coordinated Al at-count that the coordination number ofAl is peaked at 3,
oms inscreases with temperature, whereas the fraction ofe can assert that there is one O atom nearly at the center of
four- and five-coordinated Al decreases. In the case ofhis triangle. This picture is supported by the-AAI—O
O—AI coordination number, the fraction of two- and four- distribution angle, which has one small peak at 35°.

B. Angle distributions

R
naﬁ(R)=4wcﬁnJ Uap(r)rdr, (3.3
0
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r lation. The small spheres correspond to aluminum atoms and the
L big spheres to oxygen atoms.
L that each O is coordinated with nine oxygen, in correspon-
by e dence with the peaks show in Fig. 4.
0 30 60 90 120150180 30 60 90 120 150 180 Of course, there are other possible connections of the tet-
angle (degree) angle (degree) rahedra. There are approximately 35% of O atoms with co-

ordination 2, which means that the link is only between two
tetrahedra, and it can be corner, edge, or face sharing tetra-
hedra. Also, we can still have an O atom linking four tetra-
hedra, although its number must be very snildks than

To gain insight into network topology, we have calculatedg9s).
the rings statistics. Am-fold ring is defined as the shortest  Finally, we also note that tetrahedron as a basic unit is not
path of alternating AI-O bonds. Thus, starting with an Al the only possibility. Roughly 40% of the Al atoms have both
atom we locate the positions of the rest of the atoms aroundoordination 3 and 5, so we must also expect other kinds of
it, within a sphere with a cutoff radius of 2.2 A. Then, the structures compatible with the same interatomic distances
nearest-neighbors O atoms of the central Al are determinecnd bond angles.
Moving to one of the O atoms, we determine its nearest-

FIG. 5. Bond-angle distribution for liquid AD; at the density
pp,=23.175 g/cm and the temperaturé=2200 K.

neighbors Al atoms, excluding the previous Al atom. This IV. DISCUSSION AND CONCLUSION
procedure is continued until one of the atoms in the-(L)th . o
sequence corresponds to the central atom. Therefiei@d A MD calculation based on the two body potential in Eq.

rings consist of @ alternating A—O bonds. For example, (2.1) was implemented to model liquid alumina. The results
corundum has 40% of twofold and 60% of threefold ringsProvide considerable insight into the atomic-level structure
whereass-alumina has 23% of twofold rings, 62% of three- Of the system, and appear similar to those obtained by San
fold rings, and 15% of fourfold rings. In liquid alumina we Miguel etal. using a different interatomic potential and a
found a nearly symmetric distribution, from two- to seven-different preparation of the system. Both simulations are in
fold rings, with a peak at fourfold ring81.6%), followed by ~ good agreement with the experimental results reported by
threefold rings(24.6%), fivefold rings (22.6%, and a few Ansellet al, except for the position of the second peak in the
six- (7.5% and sevenfold ringél.1%). Because of the pres- total pair-distribution function. The experimental value,
ence of twofold ringg13%), the connectivity of (AIQ)~°>  3.01 A, is greater than the value found in the MD simula-
units consists not only of corner, but also of edge and fac&ions: 2.9 A in the work of San Migueét al. [19], and

Sharing tetrahedra. 2.8 A for p=3.175 g/CI’ﬁ and 2.85 A forp=3.0 g/CfT?
in our simulations. This last value is comparable to the value
C. Structural model of liquid Al ,04 estimated by Wasedat al. for this peak, 2.8 A, using a

) ) density of 3.01 g/cth However, aside from this coinci-

From the calculated information, we now put forward agence, which seems to be a systematic deviation of two dif-
structural model of liquid alumina. Figure 6 displays a snap+erent MD simulations, our findings are very different from
shot of typical structural units and their connectivity found in tne ones reported by Wasednal.
the simulation. According to our results, this polyhedron cor- | et ys compare the structural results obtained for liquid
responds to the majority building blocks in the system. Ing;umina to some allotropic forms of AD;. As we noted in
fact, as was_,sshow in Fig. 4, more than 60% Al atoms belongphe |ntroduction, molten alumina is one of the precursors of
to a (AlG,) " tetrahedron. Moreover, this picture is CONSiS- metastable polymorphs; in particular, the following phase

tent with the rest of the coordination numbers: each Al iStransformation towards the stableAl,O, phase is known:
coordinated with four O, and in its turn, each O is coordi-

nated with two others Al atoms, giving an-AlAl coordina-
tion number of 8. In the same way, we can see from Fig. 6 melt—y— 6, 06— a-Al,04,
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TABLE Il. Density, coordination number, A-O bond length, and ring statistics in termsmsfold rings,
for liquid alumina and the crystal phasegs 6-, anda-Al,O3;. Name and mass density are given in the first
and second columns, respectively. In the third column the coordination number of Al as well as of O atom are
given, with its respective percentage in brackets. Bond length is given in the fourth column, the upper number
is the A—O distance with higher multiplicity, and the lower number is the range of the bond length. In the
last column we present the percentagendbld rings, from two-fold to six-fold rings.

Density Coordination Bond length Ring distributid¥b)

Phase (g/cr) number Al-O(A) 2 3 4 5 6

Liquid 3.175 Al: 313%), 4(66%), 5(20%) 1.75 13 246 316 226 75
0O: 2(31%), 3(61%), 4(6%) (2.71-1.79

¥ 3.66 Al: 4(30%), 6(70%) 1.941 40 40 185 15 0
O: 3(50%), 4(44%), 5(6%) (1.77-2.24

0 3.6-3.65 Al: 450%), 6(50%) 1.904 23 62 15 0 0

0: 3(66.6%), 4(33.3% (1.71-2.03
a 3.98 Al: 6(100 % 1.97, 1.85 40 60 0 0 0
O: 4100 %

and in general, crystallization goes to phases containing botbetter agreement with the coordination number of amorphous
tetrahedrally and octahedrally coordinated aluminum. Tabl@lumina[34].

Il shows some calculated structural properties of the liquid in  In conclusion, we have performed MD simulations of lig-
order to compare toy, 6, and « alumina polymorph uid Al,O5;, which support the recent experimental measure-
[35,39,4Q. Crystal phases are denser than the liquid, as welinent presented by Ansedlt al. [14] within the temperature

as present longer bond length and larger fraction of octaheange studied, and disagree with previous experimental re-
drally coordinated Al atoms. This is consistent with the factsults of Wasedat al. From our results we conclude that the
that the liquid has a lower coordination than the crystalstructure mainly consist of a tetrahedral basic unit (AIC,
phases, so its bond length will also be shorter. Moreover, thénked through corners, edges, and faces. Moreover, we con-
ring distribution shows that the fraction of four-fold, five- clude that most of these tetrahedra are connected between
fold, and six-fold rings decreases as the density increasethem by an oxygen atom which links three tetrahedra to each
and are not present at all in the octahedrgdhase. A similar  other.
behavior have been observed in the case of, $8B]. Ac-

cording to the coordination numbers, it seems that the liquid
state resembles more tltethan they phase. Therefore, it

should be more probable to get thephase when liquid We gratefully acknowledge Dr. Ingvar Ebbdjar fruitful
alumina is quenched from the melt. However, we think thatdiscussions and for providing us with some of the program
this is not true, because here we only consider the bulk propised to analyze the results. We thank Keith Refson for pro-
erties, and the surface structure of thephase has different viding us the progranmoLby. G.G. also thanks Adi Taga for
structural properties. It has been suggested that the surface lo¢lp in programming. G.G. was partially supported by Fondo
y-alumina could be considered as an amorphouslike phadéacional de Investigaciones Ciditas y Tecnolgicas
[37]. In fact, the coordination numbers of the simulated sur{FONDECYT, Chilg under Grant No. 3970021 and by the
face agree with the ones of the liquid, and show an evematural Science Faculty, Uppsala University.
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