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The structure of liquid Sn was studied by neutron scattering experiments in the widest temperature range that
was ever performed. Though, on increasing temperature, the existence of the shoulder in the structure factor,
S(Q), becomes less clear in the change of the overall shape & ¥, the structure related to this shoulder
seems to be present even at 1873 K. The first-principle molecular-dynéfitD) simulation was performed
for the first time for liquid Sn by using the cell size of 64 particles. The calculated results well reproduced
S(Q) obtained by the neutron experiments. The angle distributiéH(6,r.), was evaluated for the angle
between vectors from centered atom to other two atoms in spheres of cutoff fadithe g‘®(,r.) shows
that, with the decrease of from 0.4 to 0.3 nm, a rather sharp peak around 60 ° disappears and only a broad
peak around 100 ° remains; the former peak may be derived from the feature of the closely packed structures
and the latter one is close to the tetrahedral angle of 109 °. In addition, the coordination nanaéiguid
Sn counted within the sphere 0f=0.3 nm is found to be 2—3 and does not change with the increase of
temperature even up to 1873 K. These facts indicate that at least the fragment of the tetrahedral unit may be
essentially kept even at 1873 K for liquid Sn. For comparison, the FPMD simulation was performed for the
first time also for liquid Pb. No sign of the existence of the tetrahedral structure was observed for liquid Pb.
Unfortunately, the self-diffusion coefficient,’s, obtained from this FPMD for liquid Sn do not agree with
those obtained by the microgravity experiments though the structure fat@¥%'s, are well reproduced. To
remove the limitation of the small cell size of the FPMD, the classical molecular-dynamics simulations with a
cell size of 2197 particles were performed by incorporating the present experimental structural information of
liquid Sn. Obtained’s are in good agreement with the microgravity data.
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[. INTRODUCTION theory of liquids, Langevin equation for the velocity autocor-
relation function(VAF) and the mode coupling theoty®
The accurate information of the structure of liquids is es-These theories requir®(Q) of liquids as basic input infor-
sential for the exact theoretical analysis of physicochemicaimation and many theories, except for the hard sphere model,
properties, such as electron transport properties, atomigave not always been successful in reproducing the experi-
transport properties, etc. For example, the well known Zimammental valueSparticularly for polyvalent liquid metals. This
theory is very successful in predicting the electron transportdifficulty for the understanding of the atomic transport prop-
properties of simple liquid metals by coupling the structureerties in liquids is derived from the complexity in the many
factor, S(Q), of liquids with pseudopotential of ions. The body character in atomic motions in liquids. In the case of
S(Q) of liquids determines the configuration of iofscat- hard sphere model, this many body effect is treated in a
tering centers for electropswhose electron scattering rather simple manner by the so-called backscattering factor,
strength is given by the “weak” pseudopotential in the which can be evaluated by comparing the self-diffusion co-
scheme of the Born approximation in the scattering theoryefficient given by the Enskog thedryo that given by the
Such a viewpoint is successful also to predict thermodycomputer simulation of hard sphefésThe hard sphere
namic propertied. model itself stresses the importance of the role of the pack-
However, as for atomic transport properties, various theoing of atoms or that of the repulsive part of the inter-atomic
ries have been proposed from a point of view of kineticpotential on the structure of liquids and its validity has been

0163-1829/2003/66)/06420112)/$20.00 67 064201-1 ©2003 The American Physical Society



T. ITAMI et al. PHYSICAL REVIEW B 67, 064201 (2003

limited to rather simple liquids near the melting side (“high-Q side”) of the first peak ofS(Q). The more
temperaturé. distinct shoulder can be seen in the structure fa8@), of
In addition to these difficulties in theoretical aspects, therehe lightest Si in the liquid state. The structure of liquid Sn is
have been additional difficulties on the studies of diffusion,intermediate between the liquid structure of the heaviest el-
particularly in liquids with high melting temperatures. Suchement, Pb, and that of the lighter elements, Ge and Si. The
liguids are important for the study of the mechanism of dif- S(Q) of liquid Sn shows only a small shoulder in the high-
fusion because of their wide liquid temperature range, irside of the first peak particularly near the melting tempera-
which the temperature dependence of diffusion coefficienture.
can be investigated. Moreover, liquid metals and the melt of As for the S(Q) of liquid Sn, Ortort® proposed a model
semiconductors, which are important also from the appliedy extending the double hard sphere model for liquid'&e,
science, are such liquids with high melting temperaturesSbh?° Ga?! Si and Bi?? all of which show the shoulder in
However, experiments of diffusion in such liquids on the S(Q). A similar model also was proposed by Gabathuler and
ground have been spoiled by the presence of the inevitablBteeB® for the S(Q) of liquid Sn, Ge, and Si. These shoul-
convection in liquid sampleSBecause of its absence of con- ders were reproduced by the supposition of two kit
vection under microgravity, the International Space Statiorferent diametensof single component hard sphere structure
(ISS), whose construction has already started, is expected tiactor}” Petkov and Yunchd¥ applied the reverse Monte
provide the breakthrough for the study of diffusion in liquids. Carlo method for the analysis of the structure of liquid Sn,
In this respect, the study of the structure of liquids in theGe, and Si near the melting temperature. The obtained
wide temperature range is also important for the theoreticahtomic arrangement, which reproduces the experimental
analysis of diffusion mechanism in liquids. structure factor of liquid Sn, shows a feature of distorted
The liquid Sn is a good material for the study of the 8-Sn structure though its tendency is weaker than the cases
self-diffusion phenomena theoretically because the selfef liquid Ge and Si.
diffusion coefficient itself has been measured under micro- It is also important to consider these models or analyses
gravity of space shuttle with no convection in the very widefrom a more fundamental point of view. Hereafter, for a
temperature range, for example, from 543 to 1048 K by Frowhile, a review is given for the theoretical interpretation of
hberget al,”° from 902 to 1614 K by Itamiet al** and  shoulders irfS(Q) mainly for liquid Sn and, if important, for
1622 K by Yodaet al? To analyze these results, it is impor- other liquid metals with such shoulders. Silbert and Ydtng
tant to obtain experimentally the structure fact8¢Q), of  proposed the possibility that the origin of the shoulders in
liguid Sn in such a wide temperature range. S(Q) of liquid Bi may be related to its ledge type interionic
As for the experimental structure analysis of liquid Sn,potential (“ledge” in the repulsive typg The correspon-
Wased&® reported theS(Q) of liquid Sn by the x-ray dif- dence of the double hard sphere model to this ledge type
fraction technique and Takeea all* by the neutron diffrac-  potential was discussed by Ort8#%for liquid Sn and liquid
tion technique. The temperature range studied in these pr&i. Grimson and Silbeff systematically investigated the ef-
vious structure studies is rather limited to a lowerfect of ledge in the interionic potential on ti8Q) of poly-
temperature range compared with that of the study of selfvalent liquid metals by applying a perturbation theory of
diffusion under microgravity described above. liquids, in which a hard sphere potential and a ledge potential
It is interesting to consider the structure of liquid Snwere taken as the “reference potential” and the “perturba-
among the trend of all group IMB4) elements. There exists tion potential,” respectively. They found that the square type
a systematic trend in structural and physicochemical propetedge was better than the Yukawa type one to reproduce the
ties for solids of group IVBL4) elements? In the case of shoulder inS(Q) of liquid Sn. Thus, the “ledge” in the
heaviest Pb, the stable crystal shows a face centered cubinterionic potential seems to be important for the appearance
structure and its electronic properties are metallic. The lightof the shoulders if8(Q). Investigations were performed for
est Si has a diamond structure. The next lightest element, Geéhe systematic trends in the interionic potentials themselves
also has a diamond structure. The electronic properties dfy Heine and Weairé/ Hafner and Heiné® Yokoyama and
these Si and Ge crystals are typically semiconductor like. Oi®no?° and Hoshincet al*°
the other hand, the crystal structure of Sn is intermediate Hafner and Kahf found that this ledge type interionic
between the heaviest element, Pb, and the lighter elementsotential (or interionic potential with a “wiggle” in the re-
Ge and Si. The crystal of Sn has a tetragonal strudivhite  pulsive part can be derived from the pseudo-potential theory
Sn orB-Sn) above 286.4 K. Below 286.4 K its crystal struc- for various liquid metals and they succeeded in reproducing
ture changes fronB form to a form of cubic structurégray  theoretically the shoulders in th&(Q) of Ga, Ge, and Si
tin or @-Sn). The higher temperature fornB{Sn) has a based on the refined theory of liquids, that is optimized ran-
metallic property and the lower temperature form-$n)  dom phase approximation theory. Shoulders in30@) and
shows a character of semiconductttsThese systematic the ledge type potential seem to appear because of the inter-
trends in the crystal structure and in the electronic structur@lay between the hard core distance and the wavelength of
in group 1VB(14) are reflected on the structure of liquid the Friedel oscillation. Unfortunately, no analysis was per-
states™® For example, the structure fact®(Q), of liquid Pb  formed for the shoulder o8(Q) in liquid Sn. Jank and
is rather simple and well reproduced by the hard spherélafner? presented a systematic analysis of the atomic and
model’ (“simple liquids”). On the other hand, in the lighter electronic structure of liquid group IMB4) elements by us-
Ge a distinct shoulder is present in the high wave numbeing a classical molecular dynamid$1D) simulation for
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atomic structures and a self-consistent linear muffin tinand Il describe, respectively, the method of neutron diffrac-
orbital-supercell method for electronic structures. Detailedion experiments and that of the FPMD simulation. In Sec.
analyses were given for liquid Si and Ge. Unfortunately, thdV the results and detailed discussions are given for the
atomic structure of liquid Sn was not so much analyzed. Orstructural analysis of liquid Sn due to both the neutron dif-
the other hand, Mot al3 derived the effective interionic fraction and the FPMD simulation. The microscopic feature
potential with a secondary minimum at a small separation byf the structure of liquid Sn in the wide temperature range is
considering the role of the dynamically screened fluctuatingliscussed from the static structure fact§(Q), the radial
dipole—dipole interactions between ion cofean der Waals dlstnbutpn fqnctlon,g(r), the angle dls.trlb.utlo.n function in
interaction. They succeeded in reproducing the shoulders irfhe atomic tripletg‘®(6,r), and the distributions of coor-
the S(Q) of liquid Ga by the Monte Carlo computer simula- dination number, p(n). For comparison, results for
tion, in which this newly determined interionic potential with 9'>(6.rc) and p(n) of liquid Pb are also given from the

a subsidiary minimum was applied. As for t86Q) of liquid FPMD simulation. Finally dynamics of atomic motions in
Ge, Ashcroft* discussed the role of the existence of two liquid Sn are discussed with particular attention to the self-
possible extreme dynamic entities in liquids, atoms with po-diffusion coefficient obtained under microgravity. A sum-
larizable ion cores, and cluster unitetrahedral unitswith ~ Mary is provided in Sec. V.

translational, orientational, and vibrational motions. The re-

lation was stressed between the possibility of the existence of II. NEUTRON SCATTERING EXPERIMENTS
cluster units in liquids and the dimer unit or polymerization
in the gas phase. Recently, Golezzet al*® derived the ef- In order to obtain the5(Q) of liquid Sn, neutron scatter-

fective interionic potential with the shoulder at the short dis-ing experiments were performed with the use of the triple
tance by taking into account the induced core polarizatiorfxes spectrometdifAS-1) of Japan Research Reactor No.3
effect. TheS(Q) of liquid Ga was calculated with the com- (JRR-3M in Japan Atomic Energy Research Institute
bination of this effective pair potential and the integral equa{JAERI. The temperatures measured were 573, 773, 1073,
tion of liquids. 1373, 1673, and 1873 K. The experiments below 1073 K
The structure of ||qu|ds may be sensitive to the temperawere performed with the use of fused silica cells. Glassy
ture variation. Therefore, it is deeply desired to study expericarbon cells were adopted for experiments above 1373 K.
mentally the structure of liquid Sn in the extremely wide The Sn samples with a purity of 99.9999% were melted and
temperature range and to analyze the obtained information d¢furified by removing a small amount of oxide layer carefully.
structures in detail. In addition, the microscopic feature offhen, the purified sample was poured into a cylindrical fused
the structure for liquid Sn must be analyzed freely from theséilica cell or glassy carbon one. The size of fused silica cell
models described above. This is required to confirm thavas 8.0 mm inner diameter, 8.6 mm outer diameter, and 30
meaning and the validity of these models and to obtain furmm height. That of the glassy carbon cell was 10 mm inner
ther insight for the understanding of the structure of liquiddiameter, 10.6 mm outer diameter, and 30 mm height. All
Sn. For these purposes, the rapidly advancing computdirocedures for the sample preparation were performed in an
simulations are expected. Unfortunately, up-to-date, classicd\ gas circulating glove box. Experiments above 1373 K
molecular dynamic§MD) simulations for liquid Sn, based were performed with the use of the “1800 Celsius High
on the Newtonian law of motion, have not been published sdemperature Furnacelprepared by AS Scientific Produtts
much and the microscopic structure of liquid Sn has not yewith Nb heating elements. A furnace with nickel-chrome
been analyzed in detail. This may be derived from the facheating elements was employed for experiments below 1073
that, for liquids such as liquid Sn, it is not always easy to findK. The incident neutron wavelengths's, were 0.085, 0.095,
an appropriate effective interionic pair potential, which isand 0.224 nm, giving a range of scattering wave number,
needed for the accurate classical MD simulation. Apart fromQ (=4 sinéi\; 2¢: scattering angle of 5 to 105 nn1*.
the effective interionic potentials based on the microscopid he scattered intensity was measured with the interval of 0.5
basis of pseudopotential theories, the many body interatomignd 1 nm'*, respectively for Q<60 nm* and for Q
potentials have been empirically propoet for Ge and Si  >60 nm 1. The counting time of scattered neutrons was
and are applied to the molecular dynamics for liquid states ofypically 8—12 h. Neutron scattering intensities were con-
Si and Ge®*~*°The reliability of these many body interionic verted into the structure factd®(Q), by using standard pro-
potentials in liquid states seems to be not as rigorous as th&edures, which includes subtraction of cell intensities, cor-
in solid stateg! rections for absorptiofft multiple scattering effec and
Here, we note the first-principle molecular dynamicsinelastic effect®
(FPMD) simulations’? based on the density functional
fcheory in quantum mgchani_cs in whic.h no information abput IIl. THE FIRST-PRINCIPLE MOLECULAR DYNAMICS
interatomic potential is required for this quantum mechanical
technique. To date, for liquid Sn, a preliminary result of The first-principle molecular dynamid$&PMD) simula-
FPMD has only been presented by Munegitial ** tion was performed for liquid Sn based on the density func-
The purpose of this paper is to report the structure analytional theory with the local density approximatidhFor the
ses of liquid Sn in the extremely wide temperature range irinteraction between the valence electrons and the ion, we
terms of neutron scattering experiments and the FPMD simuemployed the norm-conserving pseudopotential of Troullier
lation. This paper is composed of five sections. Sections Iand Martines? which is derived from the calculation of the
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atomic electron configuration s55p25d°. The electronic AL N
wave functions were expanded in terms of a plane wave 7 f:lrce"
basis set with a cutoff energy of 11 Ryd. Thepoint was

used to sample the Brillouin zone of the supercell. The
I'-point sampling saves computing time and prevails in the
study of liquid metals, though incorporation of the details of
band structural information may also be important. The
Kohn-Sham energy functional was minimized by the precon-
ditioned conjugate-gradient meth&t>1 Then, the forces on
the ions were calculated using the Hellmann-Feynman theo- -
rem. The MD simulations were carried out with 64 atoms in Y S T ST —
a cubic supercell from 773 to 1873 K. For the density of the
system, experimental valuBswere used. Corresponding to
this temperature range, the mass and the number densities of FIG. 1. The typical example of the scattered neutron intensities
the system were, respectively, 6:820°—-6.15 at 1673 K using the glassy carbon cell; solid line: the scattered
X 10° kg m 2 and 34.6-31.2 nAT; the lengths of the side intensity due to liquid Sn contained in the glassy carbon cell; dotted
of the cubic supercells were 1.23-1.27 nm. The constarltne: that due to the glassy carbon cell only.

temperature simulations were performed using the ‘Nose ,
Hoover thermosta#5* for 10000 steps with a time step of the glassy carbon cell was found to be easier than cells made

3.6—4.8 fs. The initial atomic configurations were generatef crystalline materials because of no Bragg's peak, as shown
by a classical MD simulation with the effective pair potential " Fi9: 1. o
calculated from the experimental structure facfoiThe In Fig. 2, the structure factor§(Q)’s, of liquid Sn ob-
FPMD was performed using the supercomputer Fuijitsyf@ined are shown as a function of wave numiggrExperi-
VPP500 at the Center for Promotion of Computational Sci-mental error bars of the measurg(Q) are estimated to be
ence and Engineerin¢CCSB of JAERI and the worksta- 0.5% frorln the count number of neutrons in t@qsange up to
tions composed of the Alpha 21264, which was installed af.05 nm ~. The error bars of(r) from the Fourie transform
the National Space Development Agency of JaparPf measured5(Q) depend mainly on those of this measured
(NASDA). S(Q). In the case of measurement at 1373 K, some slight
The FPMD was performed also for liquid Pb in order to @dditional errors may be included in ti@range from 85 to
compare in detail the microscopic structure of liquid Sn with105 nm *. The cause of this exceptional error at 1373 K
that of liquid Pb, which is a typical simple liquid metal be- @bove 85 nm* is not known to authors though there is a
longing to same group IVR4) elements. The method of possibility that some problem was present for the preparation
simulation was essentially similar to that of liquid Sn. The Of this new material cell used and a slightly short accumula-
different parts from the case of liquid Sn were describedion time at this temperature. The obtain&Q) in the
below. The norm-convergent pseudopotential was conPresent study is in good agreement with previous 'dafeat
structed from the calculation of the atomic electron configu-corresponding temperatures except for slightly larger value
ration 6s?6p26d°. The electronic wave functions were ex- in the lowQ region. The value in this low region does not
panded in terms of a p|ane wave basis set with a Cutofﬁ.ﬁect the evaluation of the radial distribution fUnCti(g’Qr),
energy of 10 Ryd. The MD simulations were carried out with

40000

30000

20000

Intensity (counts)

10000

wave number Q (nm’')

100 atoms in a cubic supercell at 613 and 1623 K. The den- T T
sity employed for simulation was derived from the experi- FAN 173K (+5)
mental value$® 10.6496<10° kgm 3 for 613 K and e N - '

9.264x 10° kg m 3 for 1823 K. The constant temperature

simulations were performed for 3000 steps with a time step 5¢ g N i |
of 3.6 fs. The initial atomic configuration adopted was a _ é..

random distribution of 100 atoms on the grid, which was & 4l ;Mﬂ ]
constructed by dividing the supercell intox®X5 square «» _,/'O 3

segments. al 3 R T )

IV. RESULTS AND DISCUSSION

A. The static structure of liquid Sn from neutron
scattering experiments

In the present experiments, the adoption of the glassy car-
bon cell enabled us to perform neutron diffraction experi-
ments of liquid Sn above 1373 K. Figure 1 shows a typical
example of the scattering profiles at 1673 K both for empty

N

773K (+1)

Q (nm'1 )

cell only and that of liquid Sn contained in the glassy carbon FIG. 2. The structure facto8(Q), as a function of wave num-
cell. On the elimination of the contribution of sample cell, ber, Q, of liquid Sn, obtained in the present experiment.

064201-4



STRUCTURE OF LIQUID Sn OVERAWIE . .. PHYSICAL REVIEW B 67, 064201 (2003

TABLE I. The characteristic parameters of structure fac®®), of liquid Sn;S(Q;) andQ, indicate the
first peak value ofS(Q) and the correspondin@ value; S(Q,) andQ, indicate the second peak value of
S(Q) and the correspondin@ value.

T(K) Q1 (nm™%) S(Qu) Q2 (nm™*) S(Q2) Q2/Qy S(Q2)/S(Qy)
573 22.34 2.498 43.08 1.309 1.93 0.524
773 22.32 2.198 43.03 1.269 1.93 0.577
1073 22.38 1.936 43.10 1.215 1.93 0.628
1373 22.20 1.649 43.99 1.149 1.98 0.697
1673 22.66 1.616 44.00 1.144 1.94 0.708
1873 22.70 1.581 44.50 1.153 1.96 0.729

though there still remains an unknown scattering effect to bél and IlI” differs considerably from 1.86. Unfortunately, to
removed. The structure parameters characteristic to theate, the temperature dependence of this ratio has not yet
presentS(Q)’s are shown in Table I. At low temperatures, been discussed in detail for “categories Il and IIl.” There-
the S(Q) shows shoulders clearly aroun@=28 nm %, fore, the temperature dependence of this rafie/Q,, was
which is situated in the higp side of the first peak of investigated in detail for liquid Sn in the wide temperature
S(Q). With increasing temperature, the first peakS§R) range studied here. Figure 3 indicates that the slightly
becomes lower and broader and, at a first look, the should@momalouglargen value of this ratio was obtained at 1373
seems to disappear at higher temperatures. However, it is t6. This may come from slightly poor reliability of experi-
be noted that the values 8{Q) around this shoulder remain mentalS(Q) at 1373 K compared with th§(Q)’s at other
to be rather constant with the increase of the temperature arekperimental temperatures, as described above. Anyway, the
the shape of the first peak 8{Q) remains to be asymmetri- ratio Q,/Q for liquid Sn deviates largely from 1.86, par-
cal even at the highest temperature, 1873 K. ticularly in the high temperature range. For comparison, this
Here it is important to refer to the criterion of the classi- ratio was evaluated also for liquid Pb, which is a typical
fication of the structure of liquid metals due to Wasétla. “category I” liquid metal. The evaluation of this ratio for
According to this criterion the structure of liquid metals canliquid Pb was performed based on tB€Q)’s in the Table
be classified into three categories, “categories 1, Il, and 111.” App.8-6 of Waseda® This ratio is found to remain close to
The liquid structure of “category I"(such as liquid Al and 1.86 even at higher temperatures than the melting tempera-
Pb is characterized by the symmetrical first peakS§fQ) ture, as can be seen in Fig. 3. This indicates that the devia-
and also by the fact that the ratf@,/Q, is 1.86 whereQ, tion from the simple liquid metals is significant for liquid Sn
and Q, are, respectively, the wave numb€, of the first even at a high temperature, 1873 K.
peak ofS(Q) and that of the second peak $fQ). Wased&’ Figure 4 shows the radial distribution functiorgr)’s,
showed that the structure of this “category I” can be well which were obtained from experiment®(Q)’s by the Fou-
reproduced by the hard sphere structure fatttm. addition, ~ rier transform. The upper limit of this Fourier transform was
this ratio, 1.86, remains to be unchanged even at a low packaken to be 105 nm' for S(Q)’s at all experimental tem-
ing fraction, », or at a high temperature. Therefore, the lig-

uid structure of “category I” is considered to be rather 7r
simple. The asymmetrical first peak is observed for3f@) 1873K (+5)
of “category II” liquid metals such as liquid Zn. A shoulder 6
is observed in the higkp side of the first peak of th&§(Q) 1673K (+4)
for “category III” liquid metals. Liquid Sn can be classified 5¢

into this “category Ill.” The ratioQ,/Q; of both “categories

1373K (+3)

=
: : : 5 ¢
1073K (+2)
1 o o o 0| il
<] o--0---9 773K (+1)
S 2
S
® Sn ( neutron ; present ) 1t 573K
O Pb ( X-ray ; Waseda(1980) )
13 500 1000 1500 2000 U . . . . . .
T(K) 0.2 04 0.6 0.8 1 1.2 1.4
r(nmj
FIG. 3. The temperature dependence of the ratio betwgen
and Q,; Q, indicates the wave vector of the first peak $({Q) FIG. 4. The radial distribution functiorg(r), obtained in the
andQ, indicates that of the second peak. present experiment.
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TABLE Il. The characteristic parameters of radial distribution functi(r,), of liquid Sn;g(r,) andr,
indicate the first peak value @f(r) and the correspondingvalue;g(r,) andr, indicate the second peak
value ofg(r) and the correspondingvalue.

T (K) r, (nm) g(ry) r, (nm) g(ry) ralry g(r2)/g(ry) The first
coordination

number
573 0.3169 2.697 0.6241 1.274 1.97 0.472 10.7
773 0.3149 2.527 0.6253 1.217 1.99 0.482 10.2
1073 0.3121 2.347 0.6188 1.162 1.98 0.495 9.6
1373 0.3089 1.877 0.6203 1.066 2.01 0.568 8.6
1673 0.3099 2.086 0.6354 1.104 2.05 0.529 8.6
1873 0.3069 1.998 0.6007 1.099 1.96 0.550 8.3

peratures except for 1373 K. It was taken to be 85 hrim  from 573 to 1873 K, as explicitly shown in Table II. For
the case of 1373 K. The effect of this upper cutoff@n  comparison, the first coordination number was evaluated also
appeared as the irregular behavior in the foregion. There-  for liquid Pb, which is a typical “category 1" liquid metal,
fore, theg(r) in this region was omitted in Fig. 4. Thg(r)  based on thg(r)’s in Table App.8.17 due to WaseddFrom

in this low r region does not affect the evaluated first coor-the temperature dependence of the first coordination number,
dination number. The characteristic parameters of thesB0 particular difference can be found between liquid Sn and
g(r)’s are given in Table II, in which the first coordination liquid Pb, as shown in Fig. 5.

numbers are also shown. The first coordination numbers,

which represent the numbers of atoms around the first peak B. Microscopic structures of liquid Sn

of g(r), were calculated from the conventional mettdd, from the EPMD simulation

that is the first peak area ofm?g(r to the first mini- . . L
' rstp g(r) up ! n The molecular-dynamics simulation is important to ex-

mum. The first coordination number at 1373 K is slightly tract the microscopic information of liquid structures, which

small due to the insufficient accuracy 8(Q) at this tem- . ; . ;
perature as described above. The height of the first peak iﬁ not always obtainable from the scattering experiments of
i

g(r) becomes lower with the increase of the temperature fo .qu!ds. Therefore, in th'?’ StUd.y.’ the FPMD simulation pf
liquid Sn, as is the case of many other liquid metals. The quid Sn was performed in addition to the neutron scattering

characteristic feature of thg(r) for liquid Sn is seen be- expe,rlment. At first, n Fl_gs._ 6 gnd 7, th_e struct,ure factors,
. .. S(Q)’s, and the radial distribution functiongy(r)’s, were
tween the first peak positiorr {) and the second one J). ) X )
o L AR P compared, respectively, with those obtained by the FPMD
Theg(r) of liquid Sn in this region is larger and shows “flat . : ) . .
, e > .o o . simulation. The results of FPMD simulation are in good
shape” or only “slight minimum.” This behavior is quite . . ;
. ) - y " w1 agreement with those of neutron scattering experiments. The
different from the “clear minimum?” for “category I” liquid

metals, such as liquid Pb. This peculiar behaviogf) for
liquid Sn can be seen also in the Table App.8.17 in Was&da.
The typical values are, for example, 0.8—-0.9 for a “flat shape
value” of liquid Sn and 0.6-0.7 for a “clear minima” value

of liquid Pb. Figure 4 shows that this “flat shape” tendency
for liquid Sn can be seen even at higher temperatures. In
spite of such anomalous behaviorsgr) for liquid Sn, the
first coordination number of liquid Sn decreases monoto-
nously from 10.7 to 8.3 with the increase of temperature

7 T T

—— FPMD O neutron scattering
1873K (+5)

1673K (+4)

1473K (+3)

S(Q)

1273K (+2)
3 ]
@ : : . .
-g 12f ® Sn ( neutron ; present ) | | 5 J P e o 1073K (+1)]
E [ QO Pb ( X-ray ; Waseda ) | 1 s g
g 10 ~ ] & | B
= [ ~ ] 1| wo® T %, Fa T
E oo e |\
c 8§ ] $
g% [ ] N ]
=0 ' ' N L \ ,
28 ¢ ] 0 20 40 60 80 100 120
o X . . 4
= 500 1000 1500 2000 Q (nm)
T (K)

FIG. 6. The comparison of the structure facts¢Q), of liquid
FIG. 5. The temperature dependence of the first coordinatiolsn between the present experimdopen circle¢ and the first-
number of liquid Sn and liquid PtRef. 13. principle molecular-dynamic€~PMD) simulation(solid line).
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FIG. 8. The angleg, dependence of angle distribution function,
FIG. 7. Comparison of the radial distribution functia(r), of  g®)(g,r.), of liquid Sn in spheres with cutoff radii,'s.
liquid Sn between the present experiméyen circl¢ and the first-

principle molecular-dynamicg=PMD) simulation(solid line). When the interatomic interaction is isotropic and the at-

. , . oms are packed in a closed-packed form, 4i&(6,r.)
shoulder in the experiment&(Q) was reproduced clearly in should show peaks around 60° and 120°. On the other

the highQ side of the first peak, aroun@=28 nm ! par- . . ;

ticularly at low temperatures. In addition, the characteristichand' n t_he cova_llent b_ond crystal of diamond type with an-
feature ofg(r), large value(“flat shape”) between the first isotropic mteroactlons, it should show the tet:ahedral b?nd
peak position and the second one was also reproduced by th %1Ie of 1.09 ; Therefore, peaks around 60° and 120° of
FPMD simulation. It is known that the error bars of the 9 (6:r¢) in Fig. 9 correspond to the fact that the structure

evaluatedg(r) are quite small in the FPMD and the data of liquid Pb is essentially hard sphere like or belongs to
scattering ofS(Q) is a little larger, for examplet:0.1. Even category I" though some shift of the peak from 60° can be

under this condition, the particular feature®fQ) described observed with the increase of the temperature and with the

above can be thought to be reproduced by the FPMD. Thesqeecrease of the cutoff radiug. The structure of liquid Sn

indicate the reliability of the FPMD simulation. seems to be more complex from the behaviog@i(6.r).

Because the reliability of structural information from the The clear peak around 60° in the case of lame(Fig. 8

FPMD simulation was confirmed, it is very interesting to indicates a f('aature.of the typical simple liquid structure if we
obtain the microscopic structure information in detail from observe _IquId Sn in a large scale. On the other_hand, if we
this FPMD simulation. An angle distribution function, observe it in a smaller scale, the structure of liquid Sn seems

g®(6,r.), as one type of three body distribution function,

was calculated from the atomic configuration obtained by the 0lpT— 618K ~ 73
FPMD simulation. Theg®)(6,r.) for liquid Sn at 773 and 0.05F weenvs 1823K /N ~0.40 nri
1873 K are shown in Fig. 8. The angle noted here was T A e ]
formed by a pair of vectors drawn from a reference atom to 0.lpT—— .
any other two atoms within a sphere of cutoff radiys The ~0 055_ A
g®(6,r.) shows a clear peak centered at 60 ° in addition to OO ;
the peak around 100 °, when the cutoff radiys, is taken to oY 0_(1)_ — -
be 0.34 nm, which is far larger than the first nearest neighbor ~ c =
distance, 0.307-0.317 naee Table . With decreasing the ©  005E E
cutoff radiusr., a peak around 60 ° seems to disappear and S S8 B .
theg®)(6,r.) shows only single broad peak around 100°. It Olpr———— 1 3
can be seen that the height of these peaks becomes lower 0.05F NG re=0.34nny
with the increase of the temperature. However, in the case of 05 N A E
r.=0.30 nm, the height of a single broad peak does not Ol
change with the variation of the temperature. In Fig. 9, the 00sE e r,=0.32 nmj
g®(6,r.) is also shown for liquid Pb, which is a typical : AT e ]

ol
—
@
=]

simple “category I” liquid metal. As can be seen in Fig. 9,
two peaks around 60° and 120°, respectively, are present P

irrespective of the cutoff radiug,. The peak at 60 ° remains

present even at higher temperatures though the lowering and FIG. 9. The angled, dependence of angle distribution function,
the shift to high angle side can be seen. g®(6,r.), of liquid Pb in spheres with cutoff radii's.
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U "‘5' e 1'0' — 1'5 FIG. 11. The coordination number, dependence of the distri-
bution of coordination numbep(n), for liquid Pb.
n
FIG. 10. The coordination numbar, dependence of the distri- below 286 K. The coordination number on the most nearest
bution of coordination numbep(n), for liquid Sn. neighbor site is four in these solid states. Therefore, from the

structure in the solid state and from the angle distribution

to be characterized by a broad peakgs?(6,r.) around function shown in Fig. 8, the existence of the tetrahedral
100°, which may be related to complex local structures dustructure may be implied. Nevertheless, in g{@) of liquid
to anisotropic interactions or tetrahedral bond unit. In addi-Sn forr ,=0.30 nm(Fig. 10, the popular coordination num-
tion, on increasing temperature, thg®(6,r.) for r, ber is 2—3. There are only a few possibilities for taking 4 as
=0.30 nm is almost unchanged. This means that the shorthe coordination number. It can be concluded that there are
range structure within 0.3 nm does not so much depend ono complete tetrahedral structure units but their fragments
the temperature in the temperature range studied here.  persist in the liquid state of Sn on melting. In addition, such

From the FPMD simulation the distribution of coordina- short-range structures in liquid Sn do not change with the
tion number,p(n), with a given cutoff radiug ., can be variation of temperature even at a high temperature of 1873
evaluated. The(n) was calculated from the number of at- K, judging from the temperature independencep¢i) for
oms present in a spher@coordination number) whose r.=0.3 nm. The above described discussions are based on
center is situated by one atom and whose radius.issigure  the average of “snap shot” of atomic configuration and it
10 indicates the results of the relation betwgg€n) and the should be noted that the creation and the annihilation of
coordination numbem, for liquid Sn both at 773 and 1873 these fragments are rapid.
K. The coordination number decreases with the decrease of Here we can also discuss the structure of liquid Sn in the
r.. Whenr, is fixed, the coordination number decreasescommon tendency among group VB liquids. It is well
with the increase of temperature fog=0.32 nm. Forr,  known thatS(Q)’s of liquid Si and Ge also have the shoul-
=0.30 nm, howeverp(n) is almost unchanged with the der in the highQ side of the first peak® At the same time,
variation of temperature. This temperature independence aheirg‘®)(4,r.)’s show a peak around 100*:°056-5%0n the
p(n) at smallerr, cannot be observed for liquid Pb though other hand, in the case of liquid Pb, which is also the group
the similar behavior op(n) to the case of liquid Sn can be VB (14) element without shoulder i8(Q),*3 the g®(6,r)
seen for larger., as shown in Fig. 11. does not show the peak relating to the tetrahedral angle

The difference of the temperature dependence ofround 109°, as already described. These facts imply that
g®(6,r.) andp(n) for smallr between liquid Sn and lig- the shoulder ir§(Q) of liquid Sn is related to the short-range
uid Pb may be related to that of the microscopic liquid struc-structure making the peak around 100 °gi¥(6,r ).
ture or short range structure of liquids between them. As As for the origin of the shoulder i6(Q), two possibili-
already described, the structure of liquid Pb is rather simpleéies have been considered. The double hard sphere
and well reproduced by the hard sphere model. On the othenodet®~22 provided one possibility. In this model, the do-
hand, liquid Sn possesses the tendency of the formation ahain of tetrahedral unit with some large scale was consid-
covalent bonds. The solid Sn just below the melting temperaered for liquid metals with shoulders. Here we note the fact
ture forms a white tin structurggcform), which can be con- that the structure factor of the hard sphere mixtdfeshich
sidered to be a distorted diamond structure. The Sn changesrresponds to a homogeneous model of liquids, does not
from B-form to «-form (or gray Sn of the diamond structure reproduce such shoulders under any conditions. Probably
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more rigorous evidence should be given for the existence of
an inhomogeneity in such liquids. In another approach, the
origin of shoulders has been attributed to the form of the
interionic potentiaf>2531-33 Sjlbert and Youn& showed
that the shoulder iI5(Q) can be reproduced by an interionic
potential with a ledge in the repulsive part of the interionic
potential. Grimson and Silbéft succeeded in reproducing
the shoulders i5(Q) of liquid Sn by optimizing the form of
the repulsive part of the interionic potential, which was
added as a perturbation to the hard sphere potential, as al
ready described in Sec. Il Hafner and K¥fdhowed that the
shoulder inS(Q) can be reproduced by the crossover effect
between two characteristic lengths, the core radius of the
Ashcroft type pseudopotential of ions and the wavelength of
the Friedel oscillation; this crossover causes the ledge in the
repulsive part of the interionic potential. On the other hand,
Mon et al noted the importance of dynamically screened t (ps)

fluctuating dipole interaction between ion cores or the van o )

der Waals interaction. They showed that the ledge type ef- FIG. 12. The variation of the mean square displacertiéiiD)
fective interionic potential can be derived from such coreth time. . for liquid Sn.

polarization effects and succeeded in reproducing the shoul-

der in S(Q) of liquid Ga by the combination of this interi- indicates no negative regions though oscillatory behaviors
onic potential with the Monte Carlo simulation of liquids. themselves can be seen. These indicate that the backscatter-
Ashcroff inferred the possibility that the origin of the ing effect or cage effect is present clearly at lower tempera-
shoulder in liquid Si and Ge may be related to this coretures. However, at high temperatures, such an effect is
polarization effect. A similar approach has been quite reweaker or absent though the interaction with surrounding
cently performed by Gontez et al® for liquid Ga. Unfor-  atoms itself still works judging from the existence of oscil-
tunately from these studies, it still has not been clarifiedatory behavior. Quite recently, Hoshiro al °° presented the
whether the tetrahedral unit is present in liquid metals withdetailed analysis of VAF among liquid Sn, Ge, and Na. The
shoulders inS(Q) or not. In the present study, we showed mode-coupling analysis is not valid for liquid Sn and Ge in
that at least the fragments of tetrahedral unit may be preseaiddition to liquid Na at high temperatures. In Fig. 14, the

in liquid Sn even at 1867 K. This may relate to the fact that,power spectrum of the VARZ(w), is shown. It can be seen

if the clustering of atoms may relate to the electronic effecthat, in addition to the self-diffusion contribution around

in terms of interionic interaction, the Fermi energy of liquid =0 ps™!, broad shoulders are present around=10—

Sn on the free electron model is calculated to be aboveg ps . This may relate to the existence of the longitudinal

100000 K. . . acoustic modes in liquid Sn, as was discussed for the case of
The FPMD in the present theoretical analysis does nofiquid Ge>°

depend on the assumption of the pairwise interaction and
includes the nonlinear effects on the response of electron gas
and the many body force acting on one atom as the contri-
bution of forces derived from all other atoms. The many
body interaction is important for the structure and the physi-
cochemical properties of liquids with fragments of the tetra-
hedral units.

mean square displacement (nm)

C. Atomic motions in liquid Sn

Z(t) / Z(0)

From the present FPMD simulations, the information of
microscopic atomic motion can be obtained. The mean
square displacemeniMSD) of atoms is shown in Fig. 12.
Three regions can be seen in Fig. 12, the free particle behav-
ior of parabolic time dependendap to 0.1-0.2 ps the re-
gion of linear time dependence of the diffusion [&wm 0.3
to 0.6 ps and the transition region between thé(0.1-0.2
p9 to (0.3-0.6 py. Figure 13 shows the normalized form of
the velocity autocorrelation functiofVAF), Z(t). The nor-
malized VAF,Z(t)/Z(0), decreases rapidly with the progress
of time and then the oscillatory negative regions can be seen FIG. 13. The variation of the normalized velocity autocorrela-
below 1273 K. However, above 1473 K, the normalized VAFtion function,Z(t)/Z(0), with time,t, for liquid Sn.
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it might be concluded that, among self-diffusion experiments
for liquid Sn, the smallesD was found to be given by Bru-
son and Gerf? However it is the fact that the shear cell
technique has a tendency for giving lower valuesDofif
errors, such as a misalignment of joining into liquid diffusion
columns, are mixed in the experimental data; in addition,
there is a tendency that the long capillary method suffers
easily from the convection on the ground and the
segregation:® On the other hand, the independent measure-
ments under microgravity*?provided a single temperature
dependence ob for liquid Sn irrespective of data sources
and they may be considered to be reliable, as was discussed
elsewheré® Needless to say, further accurate experiments,
probably in the ISS, must be performed for obtaining the
final answer about the question what is the true self-diffusion
coefficient for liquid Sn.

One of problems in the present simulation is the small
system size in the FPMD simulation. To check the size de-

FIG. 14. The power spectrum of the velocity autocorrelationpendence oD, we have performed the FPMD simulation for

function, Z(w), of liquid Sn.

liquid Sn at 773 K using a larger system composed of 125
atoms for 800 time steps. Though the statistical average for

Finally, the self-diffusion coefficienD, is discussed. The D in this short time simulation is not so good, the resulDof
self-diffusion coefficientsp’s, are calculated both from the is about 30% larger than that calculated in the system of 64
MSD of atoms and from the VAF. Since the simulations wereatoms with the same time steps. One of the other factors for

carried out for long time, 36—48 40 000 stefy the results

the improvement of the calculated value Bfmay be the

obtained from the MSD and the VAF are in good agreemenpressure of the system in the simulation. In our MD simula-
with each other. TheD values of our present simulation, tion the experimental value of the densftyvas used at each

shown in Fig. 15, are about half of the experimeridabb-
tained under microgravit?12in spite of the fact that the
calculated structure factor§(Q)’s, of liquid Sn are in ex-
cellent agreement with the experimen®)’s. In addition,
it is far smaller than th® due to the long capillary method
on the ground by Ma and Swafthand smaller than that due
to the shear cell technique by Bruson and G&At present

T(K)

FIG. 15. The self-diffusion coefficient), of liquid Sn as a
function of temperatureT; microgravity experiments(a) ltami
et al, (Ref. 1)), (b) Yoda et al. (Ref. 12, and(c) Frohberget al.
(Refs. 9 and 10 experiments on the groundd) Bruson and Gerl
(Ref. 62 and (e) Ma and Swallin(Ref. 61); molecular dynamics
(MD): (f) the present first-principle MOFPMD), and (g) the

present classical MD.
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temperature. When the density and the temperature are fixed,
the pressure is uniquely determined in the thermodynamics.
However, since our simulation was carried out under con-
stant number of atoms, constant temperature, and constant
volume (NVT ensemblgin the small systems, the pressure
may not be the same as the macroscopic one. To examine the
size dependence of the self-diffusion coefficient for liquid Sn
using a larger system, classical MD simulations were per-
formed with the number of atoms from 64 to 2197. For this
classical simulation, the temperature dependence of the inte-
rionic potential was obtained from the inverse problem
method®*%° namely it was determined to reproduce the tem-
perature dependence of experimeré)) obtained in the
present study. On this procedure, the values®) in the

low Q region was important and the pres&{Q)’s in this

low Q region were slightly larger, as already described. To
improve the accuracy of this method, t86Q) in the lowQ
region was obtained by the small angle x-ray structure analy-
sis of liquid Sn; its details was described elsewttére was
found that the calculated valuesBfare almost unchanged if
more than 1000 atoms are used and they depend on the sys-
tem size, when the number of atoms is less than 500. The
value ofD obtained by this classical MD with 2197 atoms is
about 20% larger than that obtained by the FPMD with 64
atoms. As can be seen in Fig. 15, rather good agreemémnt of
was obtained between this classical MD simulation and the
microgravity experiment. This considerable agreemenb of

is derived from the incorporation of particular feature of lig-
uid structures, shoulders or the fragment of tetrahedral units,
in terms of the experimental structure factor. The explicit
role of many body interaction on the mechanism of atomic
motion may be a future problem. Quite recently, the similar
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good agreement dd for liquid Sn was obtained between the though it becomes unclear in the change of overall pattern of
classical MD and the microgravity diffusion data by S(Q). From the FPMD simulations, a broad peak around
Belashchenkd! though the employed interionic potential by 100° on the angle distribution function is observed up to
him was obtained rather by a simplified inverse method. He; 873 K. The coordination numben, with cutoff radius of
obtained interionic potentials by inserting experimentalp.30 nm does not change with the increase of temperature
S(Q)’s into an approximate theory of liquids, the mean po-from 773 to 1873 K though it decreases with the increase of
tential approximatiori” The inverse method in the present temperature for larger cutoff radius. These features were not
study, employed for the evaluation of the interionic potentialg ng by the FPMD simulation for liquid Pb, which is a

of liquid Sn, is based on the exact theory of liquids within  ica| closely packed liquid metal. Therefore, these features
the bair potent@l appmx'matég% that is the exact clusteg, liquid Sn indicate that at least the fragments of tetrahe-
(density expansion of they(r).™ dral unit may persist even at high temperatures in liquid Sn.
As for the self-diffusion coefficient,D, the -classical
molecular-dynamics simulation with a large number of atoms
In this study, the neutron scattering experiments and th#as employed. The interionic potential was determined by
FPMD simulations were performed for liquid Sn. From the the inverse method, in which the pres&{Q)’'s were em-
neutron scattering experiments, a shoulder on the Qigh- ployed together with th&(Q)’s in the low Q region due to
side of the first peak 08(Q) can be clearly seen at 573 and the small angle x-ray scattering. ObtainB¢s are in good
773 K. Even at 1873 K, such a shoulder may be presenagreement with experimental values under microgravity.

V. SUMMARY
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