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Structure and short range order of liquid gallium
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The structure of liquid gallium in a wide temperature range has been studied. Analysis of data obtained by
diffraction method allowed us to make some conclusions about the structural features of the liquid gallium.

In particular there is a clear asymmetry of the first maximum of the structure factor (SF) and existence of
shoulder on its right hand side. Also the temperature dependence of structural factors for liquid gallium in

terms of its heterogeneous structure was analyzed. Interpretation was carried out under the assumption
that the structure of liquid gallium consists of clusters with different distribution of atoms, as well as
different types of chemical bonds between atoms. The structural units are sensitive to temperature. Splitting
of the structure factor main maximum on the Gaussian partial curves, which corresponded to certain
structural units of the melt, was also performed. Each structural component of the melt reveals a different
nature of the temperature dependence. It is also assumed that the partial peaks for each cluster are
described by Gaussian functions.
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Introduction. It is known that method of x-ray diffractions is effective in structure
studies and it is widely used for investigation of liquid metals. Information, obtained
with use of this method allowed to obtain the main conclusions about the structure of
liquid metals. Unfortunately to now there are no complete understanding of nature of
molten metals and structure variation with temperature. More detailed studies are
needed to formulate the general theory of liquid metals, describing the behavior of
experimental data, especially the temperature dependence of structure. Besides, up
today there is no complete theory of the liquid state, capable also to explain the relation
between the physical properties of melts and their structure. For this reason, it is
necessary not only to accumulate the results of diffraction studies but also to find a
new methods of their interpretation.. This is especially important for profile analysis
of diffraction peaks in SF and pair correlation functions (PCF), calculated from them.
Due to widely use of the models of micro inhohomogeneous structure of metal melts, it
is necessary to show how the parameters of such inhomogeneities are related with
profilefeatures of SFs and PCFs and to find a quantitative description of such
microheterogeneous structure. In this work we attempt to obtain the some results on
this problem.

Since the SFs are initial results contrary to PCFs, which are commonly
calculated from SF we focused our attention on description of last. Other reason, which
motivates further investigation of pure liquid metals is significant discrepancy of
structure parameters, published by various authors.
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Analysis of SF and PCF for most liquid metals is based mainly on
quasicrystalline approach of structure or the hard-sphere model [1,2]. First of them
supposes the similarity of atomic distribution in solid and liquid state, whereas the
second one considers the structure of liquid metal as another than solid one. Hard
sphere model supposes that atoms interact only by means of repulsive forces as hard
balls and does not account the attraction forces. Using both models shown the
restricted capability of them to describe the structure of various liquid metals over wide
temperature range, especially those with inhomogeneous structure. Most of problems
standing before researches are related with with analysis of the main structural
characteristics and in particular the maxima profile in SF or RDF. Still is not fully
understood the nature of the asymmetry of the first maximum and the presence of
shoulder on its right hand side, wich is most pronounced in such metallic melts as Ga,
Bi, Sb and Sn.

We have obtained the SF for liquid Ga by X-ray diffraction at different
temperatures and then used them to calculate the PCF by Fourier transformation.
Taking into account the asymmetry of principal peak in SF we assumed that
asymmetry is caused by the presence a more complicated structure in comparasion
with simple liquid metals, whose principal peaks show the symmetric shape. Taking
into account numerous literature data on structure studies by diffraction methods and
results on measurements of structure sensitive physical properties (viscosity, density,
surface tension etc.) we suppose that in opposite to crystalline structure, describing by
one kind of neighbor atoms arrangement in liquid state there is at least the two kind
short range order structures. On that reason the structure should be displayed in profile
of principal peaks in group of above mentioned metals. We also supposed that two
kind structural units scatter x-rays at diffraction investigation independently.
Therefore, it is possible to consider the profile of principal peak as the result of
additive contributions from each kind structure units (clusters) .According to such
assumptions we have fitted the principal peaks of SF at different temperatures, using
the Gaussian functions with different parameters.

1.Theoretical backgrounds

The structure studies of liquid metals by means of diffraction methods have a long
history and main results, following from them are published in few monographs,
among which most known are [1,4]. These results most effectively influenced the
development of general postulates in physics of liquid metals. The approaches, based
on similarity of liquid and crystalline phases are success to describe the structure and
properties of metals with close packed atomic structure and metallic bonding (Cu, Al,
Pb etc.). In this case the liquid metal is supposed to be as consisting crystal like
clusters with short range order similar to crystalline cell. Some part of of atoms is
supposed to be absolutely disordered as in gaseous phase and the fraction of this phase
decreases with heating. Efforts to determine the fraction of clusters at any temperature
and to describe the structure sensitive properties with using of this approach have not
be successful on the different reasons but the main of them is that it is difficult to take
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into account the change of structure of clusters and interaction between neighbor atoms
upon transition from solid" state to liquid or vise versa. One of the methods of this
approach is Prince & Glauberman method of interpretation of radial distribution
functions of atoms [3]. This method is based on the procedure of transformation the
atomic arrangement of ideal crystal cell into short range order distribution in liquid
state by topologic and diffuse disordering. Unfortunately this model cannot describe
the structure of less density packed in liquid state metals and revealing the shoulder in
principal peak of SF as well having problems with description of structure temperature
dependences.

Another model, which was already mentioned early, is based on the assumption
that liquid has own features, by which cannot posses crystalline materials and gases.
Interaction between atoms, considered as hard sphere of some diameter and distributed
with some definite packing coefficient is written by formula:

coL, T =0

(r)z{ﬂ,r} o (1)

where o(r) is pair potential, ¢ is hard sphere diameter, determined from experimental
data on density.

This model allowed to obtain the solution of the equation of statistical theory of
liquids in which pair potential is related with pair correlation function and to obtain the
formula for SF. This formula was used to calculate the SFs for a lot of liquid metals
which were compared with experimental SFs and showed good agreement in most
cases. But as in case of crystal like approaches this model has a difficulties to describe
the structure of liquid metals with shoulder in principal peak of SF. In other words it is
difficult to describe the inhomogeneity in structure of liquid metals.

Thus, analyzing the results obtained by researchers with using the different
methods, it can be argued that none of them is capable to give the general description
and complete understanding of the structure of liquid metals. One of the main aim is
not only to improve experimental research methods, but also finding the more effective
ways of interpreting the results. This work was aimed to obtain some new results in
this area of problems. For this reason, an investigation the structure of molten gallium
was carried out attempting to interpret the fine features of the diffraction peaks.

Published data on structure studies of liquid gallium by means of diffraction
methods ( X-rays [4] and neutron diffractions [5]) indicate some differences between
melt gallium and other liquid metals. The asymmetry of principal peak, revealed even
as a shoulder is most pronounced at temperatures close to the melting temperature (323
K) and persists when temperature increases[6]. Upon strong supercooling this
shoulder is transformed into clearly resoluted maximum [7]. There are various
assumptions about the nature of it[8-10], but now there is no clear explanation of the
nature. Most researchers believe that is the expression of the structural
inhomogeneities in liquid state, but no quantitative equations, evaluable to describe
this relationship. The purpose of this paper was to make a small step in this direction.
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2.Experimental

The experimental intensity curves were obtained in high-temperature X-ray diffraction
camera for investigation of the metal melts. CuKao — adiation, monochromatized by
single crystal graphite, installed into the primary beam according to Bragg-Brentano
focusing geometry[11]. Experimental scattering curves were corrected on incoherent
scattering and polarization according to the procedure described in [11]. After
normalization procedure the structure factors have been calculated:.

I(
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where a(q) — structure factor, N — number of atoms, F° () — atomic scattering
47 sin O
factor, - sy wave-vector, A — wavelength of X-rays, 6 — half

A
scattering angle.
Atomic distribution functions have been calculated from SF by means of
integral Fourier transformation:
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where r — is a distance from any atom to another one;. py . mean atomic density.

3. Results and Discussion

Structural factors for liquid gallium were obtained over wide temperature range and
some of them are shown in Fig. 1. It can be seen that the peaks are not perfectly
symmetrical, especially the first one. As in publications of other authors, we have
observed clearly pronounced shoulder on the right hand side of the main peak, which is
an evidence of structure another than in liquids with symmetric maximum. In order to
interpret this maximum feature, related with structural inhomogeneities we
approximate it as a sum of partial Gaussian curves, the such parameters of which as
maxima positions and half — height width were determined and used to estimate the
main structure parameters- most probable distances to neighbor atoms and medium
size of clusters;
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The temperature dependence of the of the first and second subpeaks positions in
SF indicate a decrease in these parameters with increasing temperature (Figure 2) that
according to first formula correspond to increasing of distance to neighbor atoms in
clusters. It should be noted that for second type of clusters temperature dependence of
sl shows the anomaly in the temperature range 353-823 K. Thus, besides the
topological disordering of atomic arrangement there is some transformation of
structure in second kind clusters.
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Fig.1. Interpretation of the SF for liquid gallium partial Gaussian curves at different temperatures
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Fig. 2. The temperature dependence on the first maximum SF for clusters of two types.

For each type of structural units we have analyzed the temperature dependence
of cluster size (Figure 3). As one can see at temperature, not far from melting
temperature the size of first kind clusters is large enough and is about 2 nm, while at
the same temperature the size of the second type clusters is approximately four times
smaller. For the first type of cluster temperature dependence of their size reveals
almost linearly function. Therefore the heating promotes the reduction of such cluster
size due to growth of intensity of atomic vibrations causing moving of most active
atoms out of clusters.
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Fig. 3. The temperature dependence on the cluster size in the two types structural units.

In the second type of clusters not only the cluster sizes are notably smaller, but
the temperature dependence of this size is different. We can see that with heating there
is only a slight reduction in the size of the clusters, indicating their higher temperature
stability. Therefore, these dependences allowed us to suggest that the structural units of
the first type are the metal clusters with metallic bonding, whtrtas the structural units
of the second type contains less number of atoms, which interact by means of covalent
bonding. Clearly, that covalent bonding is stronger than the metallic one and on that
reason in clusters this type there is no a rapid decrease in size as is the case with metal
clusters. Thus the structure of liquid gallium is microinhomogeneous and the main its
characteristic is the presence of clusters with different atomic bonding and with
different numbers of atoms. Our data are in consistent with the analysis of structure
data for liquid metals with asymmetric principal peak, reviewed in [1]. Our method of
interpretation of structure data is fruitful for analysis of thermal dependences of
physical properties of metals and their alloys. It is known that thermal expansion of
liquid metals show some features, which are not observed in solid phases, namely
many melts have negative thermal expansion coefficient that occurs due to dominant
contribution of free volume in mechanism of thermal expansion. According to our data
to our results some liquid metals can reveal complicated mechanism of thermal
expansion and beside dominant contribution of free volume the change of interatomic
distances in clusters and various of their size should be taken into account.

Conclusions. Asymmetry of the first maximum in SF of liquid gallium exists in a wide
temperature range and is relateded with its microinhomogeneous structure. Principal
peak of SF can be interpreted as additive sum of two maxima fitted to Gauss functions,
parameters of which are different and depend on temperature. The analysis of the
obtained values of partial structure parameters and their temperature dependences led
to the conclusion that the structure of the liquid gallium consists of of two kind
clusters:the larger clusters with metallic bonding between atoms and the smaller ones
with a covalent bonding. At heating the fraction of metallic clusters increases, whereas
the fraction of second kind clusters simultaneously decreases. Temperature
dependences of mean size in clusters of each kind are different that should influence
the mechanism of thermal expansion in liquid gallium.
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CTpyKTypa i 6nnxkHin nopaaok piakoro ranito

PomaH bBinuk, YnsHa JTiogkesud, CtenaH Myapun

bByna euguena cmpykmypa piokoeo 2aniio 8 wupoxkomy iHmepsani memnepamyp. Auaniz oauux,
OMpUMAHUX Memooom Oudpakyii, 003601uU8 3poOUMU  O0esKi BUCHOBKU NPO CMPYKIYPHI
ocobrusocmi piokoeo eanito. 30Kkpema, € uimKa acumempisn nepuioco MaKkCumymy CmpyKmypHoeo
¢axkmopa ma icnysanns nieva ma iioco npagomy 6oyi. Taxodic npoananizoeano memnepamypHy
3ANeACHICMb CIMPYKMYPHUX axmopie 0na piokozo Ga 3a 11020 HeOOHOPIOHOKW CMPYKMYPOI.
Iumepnpemayin nposoounacsa 3a ymosu, wo cmpykmypa piounu Ga cknaoaemucs 3 Kiacmepis 3
PI3HUM  PO3NOOINIOM amoMi6, a MAKONC PIHUX MUnié XIMIYHUX 38'13KI6 Midc amomamu.
Cmpyxmypni oounuyi wymausi 0o memnepamypu. Taxooic 6y10 GUKOHAHO PO3UenIeHHsI OCHOBHO2O0
Maxkcumymy cmpykmypuoe ¢hakmopa Ha napyianvui kpuei layca, wo 6i0nogidanu nesHum
CmMpyKmypHum oounuysam posnnaegy. Koowcen cmpykmypHuti KoOMnoHeHm po3niagy HOKA3ye iHuuil
Xapaxkmep memnepamypHoi 3anexcrocmi. Takodc nepedbauacmvces, wo napyianvhi niku 0ns
KOJICHO20 KNACMEpa ONUCYIOMbCA 2aYCOBUMU PYHKYIAMU.

CTpyKTypa u GNnXXKHUIA NOPSAAOK XKUAKOro rannus

PomaH bunbik, YnesiHa Jllogkesny, CtenaHn Myapbin

Boiia uzyuena cmpykmypa sHcuoKo2o 2ainus 6 WUPOKOM Ouanazone memnepamyp. Anaiuz
OAHHBIX, NOIAYYEHHLIX MemoOoM Ouppakyuu, NnO360MUL COeIAMb HEKOMopble 6bl800bl O
CMPYKMYPHBIX 0COOEHHOCMAX JHCUOKO20 2annusi. B uacmuocmu, ecmv uemkas acummempus
nepeoco MAKCUMyMa CMPYKMYPHO20 (akmopa u cyuecmeosanue nieud Ha e20 npasom OOKY.
Taxoce NPOAHANUBUPOBAHA MEMNEPAMYPHAS 3ABUCUMOCHb CIPYKMYPHLIX  hakmopos — Onisi
arcuoxoeo Ga no e2o HeOOHOPOOHOU cmpykmype. Humepnpemayusi npogoounacs npu yciouu,
umo cmpykmypa sxcuokocmu Ga cocmoum u3 Kiacmepos ¢ paiuiHbiM PAcnpedeieHuem anomos,
a  makdice PA3UYHLIX  MUNOE XUMUYECKUX ceazeil mexncdy amomamu. Cmpykmyphule
noopazoenenus uygcmeumenvhvl K memnepamype. Taxoice ObLIO GbINOIHEHO PACWEnIeHUe
ocHosHo20 makcumyma C@ na uacmuunvie kpugble I aycca, Komopvle Omeeuarm onpeoeieHHbIM
cmpykmypHblM  eQunuyam  pacniaga.  Kaowowil  cmpykmypuulii  KOMHOHEHm — pacniasa
o6Hapyscugaem Opy2o0il xapakmep memnepamypHou 3asucumocmu. Taxoice npeononazaemcs, 4mo
yacmuuHble MUK OJis KAnHCO020 KLAcmepa ONUCbIBAIOMCS 24y CCOBLIMU (DYHKYUSMU.

Otpumano 07.05.17

13



