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FUNCTIONS OF ATOMS RADIAL DISTRIBUTION AND
PAIR POTENTIAL OF SOME SEMICONDUCTORS MELTS

Abstract. The paper presents an estimate of the pair potential and the construction of the curves of the radial
distribution of atoms in some melts of semiconductors such as germanium, silicon using the conducted studies in the
framework of the density functional. The results of calculations of the potential for pair interaction in a germanium
melt with the use of experimental data by V. M. Glazov and quantum potentials of pair interaction obtained by
quantum chemical methods, respectively.

The temperature dependences of the radial distribution function of atoms in melts of selenium, tellurium,
silicon, and germanium are studied theoretically. The results of the calculation of the radial distribution of atoms
calculated by the molecular dynamics method are considered. If we assume that the position of the first maximum of
the radial distribution curve of atoms in the melt corresponds to the shortest interatomic distance in atomic chains,
then we must conclude that during the melting of a crystal this distance increases and a distorted crystal structure is
obtained.

The potential of pair interplay in melts of germanium, silicon with usage of the conducted researches is
estimated within the framework of a functional of density. The pair potentials are calculated under the electrostatic
theorem of Gelman-Feynman, after finding of optimum electronic density conforming to equilibrium internuclear
spacing interval.

Keyswords: pair potentials, radial distribution of atoms, semiconductor, structural factor atoms, molecular
dynamics, density function, cluster structure.

Introduction. The structural difference of melts is conditioned by the difference of force fields, and
consequently, by the difference of pair interaction potentials. It’s obvious that the difference in two
structures semiconductors with different types of chemical bond is to effect the size and form of the pair
potential, and decreasing the share of microzones indicated is to lead to changes reflecting structural
transformations in the melt.

Methods. In this connection in the work, there has been evaluated the pair interaction in germanium,
silicon melts using the studies carried out in the frames of density functional (pair potential are calculated
by Gelman-Feynman electrostatic theorem after determining an optimal electronic density corresponding
to the balanced internuclear distance). Usually, to calculate pair potential in liquids there are used three
integral equations connecting with experimentally obtained structural factors, i.e. Bogolyubov-Born-Green
equation, Percus-Yewik equation and hyperchain equation [1, 2].
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From the analysis of these equations it follows that for calculation it’s necessary to know the
dependence of the structural factor S(g) on the wave number. S(g) is obtained from the experimental data
on scattering electrons and neutrons X-rays, the upper limit being the wave number equal to 8-124.
However, X-ray structural analysis data do not give a possibility to evaluate reliably the structural factor
in the long-wave limit. At the same time the uncertainty in X-ray data evaluation by the way of
extrapolation introduces a significant error in determining pair interaction potential.

In principle, the structural factor of these melts can be calculated using experimental data on the
sound speed, density and heat capacity at constant pressure which was for the first time indicated by
Landau and Lifshits [7], and to compare them with theoretical values S(g). In figure 1, a and b, there are
presented the results of pair interaction potential calculation in germanium melt using experimental data of
V. M. Glazov and quantum potentials of pair interaction obtained by quantum-chemical methods,
respectively. (Here, due to the fact that curves a and b are given in Angstroms, our results are also given in
Angstroms for excluding additional errors, on one hand, and for the fact that the primary data were not
tabulated, on the other hand.
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Figure 1 — Pair interaction potential in germanium melt:
a) — experiment; b) — calculation

As it is seen in the figure, at calculated values on ®@(r) dependence for germanium there is observed
the potential minimum at r=3,7A, which corresponds to the radius of the first coordination sphere.
Besides, the potential abnormal behavior is observed at r=4,75A, which corresponds to the radius of the
second coordination sphere. It’s worth noting that ®(r) dependence in melted germanium is characterized
by the presence of long-range oscillations.

Pair interaction potential calculation in melts using hyperchain equation lead to a similar result. It’s
worth noting that V. M. Glazov and his colleagues with the help of Percus-Yewik equations obtained ®(r)
dependences based on the data of the structural analysis. Based on the calculation results, the authors
made a conclusion about a significant role of pair interaction potential dependence in liquid germanium
on r. In figure 2 there is presented a pair interaction potential depending on inter-atom distance in silicon
melt. It’s obvious that this melt, as germanium, is characterized by pair interaction potential dependence
near the point of melting and this dependence absence with large inter-atom distances [3, 5].

The results of the calculations carried out in germanium and silicon melts show that the structure
reconstruction connected with breaking covalent bonds and their metallization don’t’ come to end
completely at the melting temperature, but spreads to some temperature interval within the limits of which
the processes comes to end. Structural differences observed in the process prove the process of post-
melting.

Now let’s consider the results of calculating the curves of atoms radial distribution computed by the
method of molecular dynamics which algorithm is described in section 2.
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Figure 2 — Pair interaction potential in silicon melt at temperature 575 K

Near the melting temperature selenium is a viscous liquid, so in it there exist some structural ele-
ments of crystal modifications consisting of atomic chains or rings in a melt. This is proved by the
position of the first two maxima of the atoms distribution curve in a melt shown in figure 3 at 500 K.
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Figure 3 — Atoms radial distribution curve in selenium melt at temperature 500 K

This coincides with the value of inter-atom distances in screw chains typical for crystals. Molecular
dynamics method using quantum potentials reproduces an experimental fact, and coordination numbers
7, Z, make 2,8 and 2,5, respectively. It’s worth saying that the maximum at the distance 0,43 nm satisfies
inter-atom distances in the screw chain, but, as shown in work [4], this can be referred to existing flat
atomic chains. If in flat chains the shortest inter-atom distance is superseded about 0,2 nm and suppose
their parallel location, then the following inter-atom distance is related to the zone of the second maximum
of atoms radial distribution curve.
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In figure 4 there is shown radial distribution curve at temperature 750 K, which has two clear
maxima, and this may refer to Se; molecules that appear as a result of selenium chains atomic bonds
breaking. The melt temperature increase to 740 K leads to increasing the shortest inter-atom distance, de-
creasing coordination number which in turn leads to disappearing an additional maximum at »,=0,43 nm.
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Figure 4 — Atoms radial distribution curve in selenium melt

A stable crystal modification of tellurium is a hexagonal modification which elementary cell is built
of screw chains located along at the distances 0,2835; 0.4440 and 0,593 nm, where there are two atoms,
and the shortest distance between four atoms of the neighboring chains is equal to 0.350 nm. Quantum
calculations show that the bond between the atoms in the chain is covalent, conditioned by overlapping
Sp-orbitals of impaired valent electrons, and between the chains there act Van der Walls forces, though in
work [4, 6] there is expressed an opinion that the bond between atom chains is more complicated and to
describe it we are to attract d-electrons.

In figure 5 there is presented atoms radial distribution curve calculated by molecular dynamics
method at temperature 720 K.
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Figure 5 — Atoms radial distribution curve in tellurium meltat temperature 720 K
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The calculations show that for this temperature the radial distribution curve has the following
maxima: at 0,25; 0,413 and 0,78 nm, the coordination number being 2,3. This indicates that at melting
tellurium there maintains its structure chain character.

The further heating of tellurium melt up to 880 K and higher seems not to lead to significant changes
of its structure which is indicated by the flatness of atoms radial distribution curve.

Maxima positions of atoms radial distribution curve can be presented in such a way. Atoms
distribution at temperatures 720 K and 780 K is close (figura 6). This can be explained by that in melt
heating there take place rather minor changes of its short-order structure.

Maxima positions are close to the positions of the first and second maxima of atoms radial
distribution curve at temperature 720°C, however, the next maximum is very fuzzy.
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Figure 6 — Atoms radial distribution curve in tellurium melt at temperature 780 K

The value of the first coordination number of melted tellurium near the melting temperature permits
to make a conclusion that its structural elements are rather atomic chains. if we suppose that the first
maxima position of atoms radial distribution curve in the melt corresponds to the shortest inter-atom
distance in atomic chains, then we can conclude that in crystal melting this distance increases and we
obtain a distorted crystal structure.

If we suppose that in crystal melting inter-atom distances in atomic chains do not change, then atoms
radial distribution in the melt can be presented as a sum of three Gauss curves which maxima are at 0,25;
0,413 and 0,78 nm, then the area under them will be equal to: Z, = 1,9, Z, = 1,2, Z; = 7.2 at temperature
720 K, and at temperature 780 K Z,= 1,8, Z, = 1,6 and Z; = §,1.

This permits us to suggest a model of liquid tellurium structure presenting atomic chains differing in
the value of the shortest distance. All the said permits to present the following picture of structural
changes in tellurium. Tellurium melting leads to decaying bonds between atomic chains that build the
crystal, but there maintains their existence in liquid state near the melting temperature. The melt heating to
temperatures 780-850 K leads to partial decaying the chains and forming new structural elements.

Atoms radial distribution curve in liquid germanium is presented in figure 7, 8, there are also given
the data of work [4, 10].

These data comparison with corresponding values for the distance »,=0,294 nm, Z=4 shows that
germanium melting is accompanied by significant changes in the short-order structure. Starting from the
value of the first coordination number Z,=8, V.K. Grigorovich suggested a model of liquid germanium
based on the supposition that in melting there takes place its 4-valent electrons separation. Due to this,
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there uncover 3d’ —electron atom shells, chemically active 3d° — orbitals of which are directed ortho-
gonally. As a result of the directed interaction between the neighboring Ge*" ions and collectivized valent
electrons there forms a structure with the first coordination number Z,=8. The first coordination sphere
radius 7=0,28 nm remains unchanged, and coordination number decreases from 7,62 to 7,25.

Atoms radial distribution curves behavior proves that in melts near ¢, there exist statistically stable
zones which atomic structure is close to that of the corresponding germanium crystals. The diffraction
picture obtained experimentally proves the presence of such ordered zones which life duration ensures the
possibility of coherent scattering of the incident X-ray radiation.
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Figure 7 — Atoms radial distribution curve in germanium melt at temperature 1210 K
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The first coordination sphere radius in the melt is 12.7 % more than in crystals, at the first maximum
of atoms radial distribution curve in the melt with Z,=5.7 there is the crystal first coordination sphere with
7,=4,0. In the zone of the second coordination sphere in the melt with 10 atoms there are two crystal
coordination spheres with 24 atoms. This proves changing the character of inter-atom bond in melting
because it is the presence of mainly covalent bonds that defines low Z, value in crystals.

From comparison between r; and Z; for a melt and for a crystal presented in work [9] it follows that
the latter is conditioned by prevailing structure consolidation due to Z; over its loosening due to increasing
the shortest inter-atom distance. That’s why we can make a conclusion about the similarity of the nearest
neighbors in liquid germanium at 1210 K. It’s worth noting that this conclusion is based on comparing
four parameters of both structures, while supposition of neighbors’ similarity in germanium melt follows
only from that Z, in the melt determined by the method of asymmetric solving the first maximum of the
radial distribution curve is equal to 8.

The short-order structure of the first type group corresponds well to the model of the fuzzy lattice, the
second type group structure is somewhat more “loose” and seems to be conditioned by partial maintaining
covalent bonds in a liquid melt. The melt heating leads to the gradual decaying the latter and consequently
to the short-range order structure consolidation

The calculated curve of atoms radial distribution for silicon melt at the melting temperature is
presented in figure 9, and the results of work [4, 8] in figure 10. Comparing the radial distribution curves
in crystal and melted silicon are somewhat different.
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Figure 9 — Atoms radial distribution in silicon melt

In the distance range from 0,3 to 0,48 nm at the radial distribution in the crystal there are two maxima
corresponding to the second and the third coordination spheres. In liquid silicon this range corresponds to
the second fuzzy maximum, and these distances correspond to coordination numbers Z,=6,8 and Z,=12,8.

Results. The difference of radial distributions in crystal and melted silicon may prove that in crystal-
melt transition there break covalent inter-atom bonds conditioning tetrahedral location of the nearest
neighbors. “Loose” atom packing characterized on the atom radial distribution curve in the crystal by
existing distances with a zero or close to zero radial density of atoms, gives place to their more dense
packing in the melt.

Crystallographic and chemical similarity of germanium and silicon and the parameter value for the
melt and the lattice 7,=0,52 make bases to try to describe liquid silicon structure, as well as germanium, by
the model of the fuzzy s.c. lattice.
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Figure 10 — Atoms radial distribution in silicon melt according to work [4] data

Discussion. The theoretical results obtained for the radial distribution of atoms in melts of selenium,
tellurium, silicon, and germanium indicate that the semimetals and semiconductors are microheteroge-
neous. The results of calculations of the potential of pair interaction in germanium and silicon melts
indicate that the structural rearrangement associated with the destruction of covalent bonds and their
metallization does not end entirely at the melting temperature, but extends over a certain temperature
interval within which the process ends.
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KEWBIP )KAPTBLJIAM OTKI3I'TII BAJTKBIMAJIAPABIH KYITHIK IOTEHIUAJIbI MEH
ATOMIAPIBIH PAIUAJIABI YJIECTIPIM ®@YHKIUAJAPBI

AnHoatuus. JXyMmpIcTa JKYNTHIK TMOTEHIHAN OaFalaHfaH >KOHE THIFBI3IBUIBIK (DYHKIIMOHAIBI MIeHOepiHe
XKYPri3iireH 3epTreysepainaiaaianbin, repMaHiii, KpEMHUIH CUSIKTBI )KapThUlail OTKI3TIITepAiH Keibip OanKkpimMana-
PBIHIA aTOMIAPMABIH paauall YJICCTIpiMiHIH KUCBIKTapbicaabiaFad. B. M. ['1a30BTHIH SKCIEPUMEHTTIK JACPEKTEPIH
KaTBICTBIPY apKbUIbl TEPMaHNi OalKbIMaChIH/IAFbl XKYITHIK ©3apa opeKeTTeCy MOTEHIMAIBIH €CeNTey IiH HATHKeIepi
JKOHE COMKECIHIE KBAaHTTHIK-XUMHUSUIBIK 9/IiICTEPMEH allbIHFaH, XKYITHIK ©3apa 9PEKEeTTECY/IIH KBAaHTTHIK NOTEHIHA-
Jlapbl KENTIpUIreH.

TeopHsuUTBIK TYpZE CeJeH, TeJUTypH, KpeMHHH JKoHE TepMaH OalIKbIMaIapbIHAAFEl AaTOMIAPIBIH Pagualibl yiIec-
Tipy (YHKIHMACBIHBIH TEMIIEPATYyPalbIK TOYeNIuTiri 3eprreneai.MoJIeKyIspibIK AWMHAMHIKA OIICIMEH ecenTelreH
aTOMIApIbIH paJuabl KUCBIKTApPbIH €CENTey HOTHXKeNepl KapacThlppurraH. Erep OajkpIMazarbl aTOMIApIbIH
pamuain yJiecTipiMi KUCBIFBIHBIH OIpiHIII MaKCUMYMbBIHBIH OpPHBI aTOMJBIK Ti30€KTepJieri aToM apaiiblK €H KbICKa
KAIIBIKTBIKKA COHKec KeJICTIHIH OoJpKacak, OHIAa KpUCTa/Ul OaJIKbIFaH Kesle Oyl apa KalUBIKTHIK YJIFasbl JKOHE
OypMaaHFaH KPUCTAIABIK KYPBUIBIMBI aJIbIHA bl IET€H KOPBITBIHABI JKacay Kepek..

THIFBI3IBIK (DYHKIMOHAIBIHBIH IIEHOEPIHIe FepMaHHii )KoHE KPEMHHH OalKbIMaiapbIHbIH aTOMIAP IbIH JKYIITHIK
acepiiecy HOTEHUMANIapbl ecenteired. JKynThlK MOTEHIManIap Tele-TeHIIK apaliblKTapAbl TankaH coH ['enbMan—
ODeliMaHHBIH AJIEKTPOCTATUCTUKAIIBIK TEOPEMAChl apKbLIbI TaObLIa bl

Tyiiin ce3aep: XYNTHIK NOTEHIMAIAP, aTOMIAPABIH YJecTipiM (QyHKIMSCHI, >KapThulail ©TKI3rMTIK, QyHK-
LOHAJT THIFBI3JbIFBI, AaTOMJAP, MOJICKYJIaJIbIK AUHAMHKA, KJIACTEPITIiK KYPHUIBIM.
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OYHKI WU PAJIMAJIBHOI'O PACHIPEJEJIEHUSI ATOMOB U ITAPHOT O IOTEHIIUAJIA
HEKOTOPBIX PACIIVIABOB IIOJIYITPOBOJHUKOB

AHnHoTanus. B pabore npuBeeHa OlleHKa NApHOTO NMOTEHIMANIAa ¥ IOCTPOSHUE KPUBBIX PaJHabHOTO pacipe-
JIeJIEHUs] aTOMOB B HEKOTOPBIX PACIUIABaX IOJIYINPOBOJHHMKOB, TAKHX KaK F€pMaHHH, KPEMHHI C MCIOJIb30BAHUEM
MPOBEJCHHBIX UCCIENOBaHUN B paMKax (DyHKIMOHaja MIOTHOCTH. IIpuBeneHbI pe3yabpTaThl pacyeToB MOTEHIMANA
MapHOT0 B3aHMMOJAEHCTBHS B pacIUlaBe T'epMaHUs C IPUBIECYEHHEM JKCIIEPUMEHTAIbHBIX NaHHBIX B. M. I'masoBa u
KBaHTOBBIE NOTEHLUAb! [IAPHOIO B3aUMOJCHCTBUS, IOJIYYEHHbIE KBAHTOBOXMMHMYECKMMM METOJAMH, COOTBETCT-
BEHHO.

Teoperndeckn ucciie0BaHbl TEMIIEpATypHBIE 3aBUCHMOCTH PaJuaibHON (YHKIMU paclpeesieHNus] aTOMOB B
pacmiaBax celleHa, TeJUTypa, KpEMHUS U repMaHus. PaccMoOTpeHsl pe3ynbTaThl pacdeTa KpUBBIX paJUallbHOIO pac-
IpeJesieHs] aTOMOB, PAaCCUUTAHHBIE METOJOM MOJEKYJISIPHOM JUHAMUKU. EcIoM NpennosokuTh, 4TO MON0XKEHUE
HNEPBOr0 MAaKCUMyMa KpUBOW paJHaIbHOIO pPAcIpelelieHHs aTOMOB B pAacCIUIaBE COOTBETCTBYET KpaTdalIieMy
M€KaTOMHOMY PacCCTOSIHHIO B aTOMHBIX LEMSX, TO CIETyeT CAENAaTh 3aKII0UEHNE, YTO IPH IUIABICHUU KPUCTAILIA 3TO
PacCTOSIHAE YBEIMYUBACTCS U MOJIYYaeTCsl MCKAKEHHAsE KPUCTAIIMYECKas CTPYKTypa.

IToTeHIMan nMapHOro B3aMMOJEMCTBUS B PACIUIABAX FEpMaHMsI, KPEMHHS C UCIIONB30BaHUEM IIPOBEIEHHBIX HC-
CJIEZIOBAHUI OILICHUBAETCS B paMKax (h)YHKIMOHAIA IUIOTHOCTH. [TapHBIE MOTEHIMANIBI BEIYUCIISIFOTCS IO JJIEKTPOCTA-
TH4eckoil Teopeme I'ensmana—@DelfHMaHa, OCIEe HAXOXKICHUS ONTUMAJIBHON 3JIEKTPOHHOMN IJIOTHOCTH, COOTBETCT-
BYIOLLEH PAaBHOBECHBINA MEXbsICPHBII UHTEPBAIL.

KaroueBble ci10Ba: napHbie MOTEHIMAIIBI, paMalIbHbIE PACIIPENICIICHNS] aTOMOB, TIOJIYIIPOBOHUK, (QYHKIIMOHAI
IUTOTHOCTH,CTPYKTYPHBIN (paKTOpP, aTOMBI, MOJIEKYJISIpHast AMHAMUKA, KJIacTepHasi CTPyKTypa.
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