PHYSICAL REVIEW E 69, 031201 (2004

Structure of liquid GeO, from a computer simulation model
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The structural properties of liquid Ge@re investigated by means of molecular dynamics simulation using
a pairwise potential. The simulations were performed in the microcanonical ensemble on systems with up to
576 particles prepared at 21 different densities, corresponding to pressures #dm30 GPa, and tempera-
tures of 1500 K and 3000 K. The pair correlation function, coordination number, angular distribution, and both
the neutron and x-ray static structure factors are obtained and compared with those of liquid silica. The analysis
of these results for the system at zero pressure indicates that in the liquid state the short range order is
dominated by the presence of slightly distorted Ggf)@tetrahedra. These tetrahedra are linked to each other
mainly through the corners, with a Ge-O-Ge angle~af30°, similar to the amorphous phase. Beyond the
basic tetrahedron some order persists, but to less extent than in liquid silica. Simulation of systems at higher
densities shows a volume collapse in the pressure-volume curve in the range of 4—8 GPa, suggesting the
possibility that a liquid-liquid phase transition occurs, as the one observed in the amorphous phase.
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[. INTRODUCTION whereas in germania it takes place between 5-9 [GR4],
which is more manageable in actual experiments.

Germanium dioxide (Ge£), or germania, is a chemical Recently the liquid and amorphous phases of a tetrahedral
and structural analog to silica (SjiD exhibiting similarities ~ network have been the object of renewed interest because of
in many structural and physical properties. In crystallinethe so-called polyamorphism. This phenomenon consists in
state germania has two phagds: One low density phase the occurrence of distinct amorphous solid forms of materi-
(4.28 g/cni) with a quartz structuréGe coordinated with als and has been observed in tetrahedral systems such as Si,
four oxygens, and a high density phase (6.25 gAnwith ~ Ge,C,SiQ,GeQ, as well as HO and AbOs;-Y,0;5 mels,
rutile structure(Ge coordinated with six oxygepswhich is ~ among other$8]. In the case of water and silica, it has been
the stable room temperature and pressure structure. Both ggitoposed that the polyamorphism of the amorphous solid
mania and silica are good glass forming, their structure conmay be due to a trend towards a liquid-liquid phase separa-
sisting in a three-dimensional random network composed ofion [9-11] and recent simulations seem to confirm this hy-
basic tetrahedra[A(Oy)4, A=Si,Gd linked by their pothesid12—14. In order to make a theoretical study of this
vertices. phenomenon, it is necessary to have a reliable model of the

Silica is a very important material both in technology andliquid as well as a complete characterization of it, both from
geophysics. Phase transitions of minerals under pressutge structural and dynamic point of view. However, whereas
govern several geophysical properties of the earth, whertr liquid silica there are several experimental and theoretical
silicates and aluminosilicates play a key role. For example, gtudies[15], liquid germania has only been investigated very
detailed knowledge of the structure of silica in the liquid andrecently[16].
amorphous states, and its behavior under large applied pres- This contribution presents a computer simulation study on
sure, is essential to understand the flow of mag&jaAl- the structural properties of liquid germania. We use molecu-
though germania has not so many applications as silica, frod@r dynamics(MD) simulation, which has been proven to be
an experimental point of view it is attractive because it pre-very useful in dealing with the kind of system at hgid],
sents many properties of silica, but for less extreme condiprovided a good interatomic potential is available. This paper
tions. It is known that both noncrystalline silica and germa-is organized as follows: in Sec. Il we describe the MD simu-
nia under pressure present a structural transition from #tion and the preparation of the liquid state. Results for the
tetrahedral [A(Oy,)4, A=Si, Gd to an octahedral atomic correlations and diffraction patterns are presented in
[A(O12s., A=Si, Ge network, which implies a large Sec. lll. Adiscussion of our findings and the conclusions we
change in density and other important physical propertie§iraw are presented in Sec. IV.
[3,4]. In silica such transformation occurs around 20 GPa,

Il. COMPUTATIONAL PROCEDURE

*Electronic address: ggutierr@lauca.usach.cl; URL:http:// Classical molecular dynamic simulations were performed

fisica.usach.cl/ ggutierr in the microcanonical ensembIBI{E), for a cubic box con-
'Electronic address: jrogan@macul.ciencias.uchile.cl; URL:taining 576 atoms (192 Ge384 O). We prepare systems at
http://macul.ciencias.uchile.cl/ jrogan 21 different densities, ranging from 3.0 g/éro 6.5 g/cni
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TABLE |. Potential parameters. tion technique and the equations of motion are integrated

with a modification of the Beeman algorithm, as is imple-
Aj (KA ®mol™) By (kImol'")  C; (A™)  mented inmoLDY [26], using a time stepit=1x10"5s.

Ge-0 2 283% 10° 2 006 96¢ 107 6.129 33 _ The _21 systems were generate_z(_j §tarting fr0n_1 a cubic lat-

0-0 12645 10° 7 422 95¢ 1P 328511 t|c_e which qorresponds to an artlfl.u.a.l crlstobahtg structure

with a density of 2.898 g/cfn This initial low density sys-

tem was heated to 5000 K and thermalized for a long time

approximately, which were run at energies corresponding t§°Ver 50000 time stepsto avoid the effects of the initial
temperatured of 3000 K and 1500 K. state on the system. Then the sample was cooled down to

A very important issue in MD is the choice of the inter- 3000 K by scaling velocities at a rate of 0.144/and ther-

atomic potential. Several interatomic potentials have beef'@lized for 50000 time steps. With this well equilibrated
proposed for covalent materials, most of them incorporatind>€© liquid at 3000 K we prepared 21 systems, reducing
two- and three-body terms, including the ones by Stillingersimultaneously the lengths of the MD cell and rescaling the
and Webef 18], Feuston and Garofalifiil9], and Vashishta p05|t|on§ of all atoms. After this t_he systems were run for
et al. [20]. In general, the angle-dependent three-body ternp0 000 time steps and the properties were calculated by tak-
is included to properly describe the directional bonds preserl!d the average of the last uncorrelated configurations. Fi-
in covalent materials. However, a breakthrough in the develD@lly; using the same cooling schedule, the 21 systems at
opment of a potential including only two-body terms was 1500 K were also obtained.
reported some time ago by Tsuneyekial. [21] and by van No_t_lce that these temperatures_ are well above the glass
Beestet al. [22]. These authors proposed a potential com-transition temperature of germanidy~800 K, and also
posed by three term&oulomb, van der Waals, and repul- a_b_ove its melting temperaturg,,=1378 K. In the case of
sion interactions but the novelty was that the parametersSilica these values argy~1500 K andT,=1995 K.
were derived by fitting the model to the potential energy
surface of a SiQ* cluster, obtained bwb initio calculations. Il. RESULTS
This way, they could describe, via a pair potential, the deli-
cate balance of interactions that allows to represent phases An overview of the simulations we performed is given in
with different coordination numbers such as quartz andtigs. X&) and 1b), displaying the pressure-volume relation
stishovite. These potentials have also been successfully usé&f two different temperature$=3000 K andT= 1500 K,
to model the silica amorphous-amorphous transitjt], respectively. Note that whereas the high temperature curve
where Si atom Changes from coordination 4 at low density td?XhlbltS the characteristic Shape of a ||C]U|d equation of State,
coordination 6 at high density. Thus, it has been demonat the temperature of 1500 K it presents jumps in the region
strated in practice that this kind of pair potentials are able tdetween 4 and 8 GHgig. 1(b)]. This volume collapse is a
reproduce a number of experimental properties, includindingerprint of a structural transformation associated with a
structural transformations. change in the Ge atomic coordination number, from four
To the best of our knowledge, in the literature force fieldsnearest-neighboré\N) oxygen atoms at low densitftow
for liquid germania cannot be found. But, for crystalline ger-Pressurgto six NN oxygen atoms at high densityigh pres-
mania two model potentials, consisting of pairwise contribu-sure, as it will be discussed in Sec. lll C. This structural
tions, have been put forward; one by Tsuchiyal.[23] and  transformation is well documented for the amorphous case
the other by Oeffner and Elliof24]. After extensive testing [5], but not so for the liquid state. However, it is known that
and comparative studies between both potenfia§ we  substances structurally similar to water, such as liquid Si, Ge,
adopted the potential of Oeffner and Ellip4]. This poten-  SIO;, and GeQ, have the potential to exhibit liquid-liquid
tial reproduces well both structural and dynamical propertiephase transitioh27].
of the two most common crystalline phases of germania, In the foIIowing we present the results we obtained for the
quartz(coordination 4, and rutile(coordination 6. The po-  structural properties of two systems at temperatures of 3000

tential consists of three terms, and has the form K and 1500 K, respectively. The density of both is
3.65 g/cni, which corresponds approximately to zero pres-
qq; A, sure. Atomic correlations have been investigated by means of
—— - —+Bjjexp(—Cyry)), (1)  the pair-distribution function, coordination number, and an-
i Fij gular distribution. We also present the calculated static scat-
tering structure factors, both for neutro$g,(q), and x rays,
which represent Coulomb, van der Waals, and repulsion erg,(q), for these two systems.
ergies, respectively. Heng; is the interatomic distance be-
tween atomd andj and the effective chargeg are qge
=1.5 andqp=—0.75. The van der Waals coefficiens ,
the softness paramet8; , and the repulsive radius;; are In Figs. 2@ and 2b) we display the total and partial
the energy parameters, which we displayed in Table I. Noticgair-distribution functions for 3000 K and 1500 K, respec-
that this potential only incorporates the interaction betweertively. The partial pair-distribution functiog,s(r) in a bi-
Ge-O and O-O atoms. In the simulations, the long rangaary system is defined in such a way that, sitting on an atom
Coulomb interactions are calculated with the Ewald summaef speciesa, the probability of finding an atom of the spe-

V(rij) =

A. Atomic correlations

031201-2



STRUCTURE OF LIQUID Ge@Q FROM A COMPUTER . .. PHBICAL REVIEW E 69, 031201 (2004

40 ' ' ' dr—T 71 A B
£ 3__Ge—Ge ]
L @
\‘ 2+ _
- % @ A 1k
\i R e R R RN
‘\ 15
‘=20 5 -
S, L 10
-9 E E 5
10~ E - % 0
E\E\E\\ 3
0 by £33 2
tfi-tg !
: | : | : | 0
0.2 0.25 0.3 6
3
V [cm /g] 4
2
30( T 0
251 -
S} ®) 4
o ] 3
= 151 I - 27
S I k> I
o 10F LN . 0
i ¥y 15
3 LN ] 10}
i\i\:‘!—-‘j— 5_
0 N = o
r Fdp-deg = 3
L | L | L |
S 02 025 0.3 X
V [cm “/g] 1'
FIG. 1. Equation of stat® vs V at (a) T=3000 K and(b) T Uy
=1500 K. 6r
4
cies B inside a spherical shell betweerandr + Ar is given 2
0 1

by (N, g(r,r +Ar))y=pgamr?g, s(r)Ar, wherepz=Ngz/V
is the number density of specigs whereNy is the total
number of atoms of specig8. Comparing Figs. @) and
2(b), we observe that the main changes due to temperature FIG. 2. Pair-distribution function fofa) T=3000 K and(b) T
variation are the heights and widths of the peaks: the higher 1500 K.
the temperature, the lower and wider the peaks. The same
trend is found for the angular distribution, due to the in-usually chosen as the position of the minimum after the first
creased disorder induced by higher temperatures. Since tipeak of g,4(r). Within the cutoff distanceRge.ge=3.7,
structural properties are quite similar at the temperatureRg..o=2.2, andRg.o=3.4 A, the average nearest-neighbor
considered here we will limit our attention to the results atcoordination number of Ge was found to be 4.03 and of O to
T=1500 K. be 2.01. These values are in agreement with then8ule,
From the position of the first peak of the partial pair- such as in the case of silica. On the other hand, the Ge atom
distribution function shown in Fig. ®) we find that the on the average is surrounded by 4.31 Ge atoms, while the O
Ge-O bond length is 1.7 A and that the full width at half atom is surrounded by 8.37 O atoms. For silica, the Si atom
maximum is 0.15 A. The NN distances for O-O and Ge-Geon the average is surrounded by four Si atoms, but in con-
are 2.85 A and 3.3 A and the corresponding full width at halftrast to germania, the O atom is surrounded by only six O
maximum are 0.3 A and 0.5 A, respectively. In the case ofatoms.
silica, the values of these three NN distances are smaller. ~ The distribution of the coordination numbers far
The average coordination numbeg is obtained by in-  =1500 K is presented in Fig. 3. These histograms are similar
tegration around the first peak of the pair-distribution func-to the 3000 K ones. We notice that the Ge-O and O-Ge
tion, naB(R)=47rpﬁf§gaB(r)r2dr, where the cutoffR is  coordinations have a sharp peak at 4 and 2. However, the
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Ge-Ge and the O-O distributions are broader, because we are
counting atoms which belong to the second neighbor shell. ————— ‘(b‘) _

Three-body correlations can be estimated by means of the [ Ge-Ge-Ge B Ge-Ge-0
bond-angle distribution, which provides additional informa- C L
tion about the local structural units and their connectivity. L i
Figures 4a) and 4b) display the angular distribution foF - -
=3000 K andT=1500 K, respectively. As in the case of I
g(r), the only noticeable difference between thHe
=3000 K andT=1500 K results is that at 1500 K the peaks
are sharper and higher than at 3000 K.

Let us now analyze Fig.(8) in detail. The angle O-Ge-O
has a peak at 109°, the angle O-O-O has a principal peak
centered at 60°, and the angle Ge-O-O has a main peak at
35°. Combining this data with the interatomic distances and
coordination numbers already obtained, we conclude that
most of Ge and O atoms form a slightly distorted tetrahe-
dron. This is the basic building block of the network, similar
to the case of silica. The angle Ge-O-Ge tells us how these
tetrahedra are linked to each other. It presents two peaks, a AP
sharp one at 90°, and a higher and broader one at 130°. 60 120 0 60 120 180
According to these values, we conclude that the great major- angle angle
ity of the tetrahedra are linked through their vertices with an o
angle around 130°, but also a small percentage is linked by FIG.- 4. Angular distributions forta) T=3000 K and (b) T
their edges. Notice that in amorphous germania the angle 1500 K.

Ge-O-Ge is 133°, less than the amorphous silica angle of

144°, a trend that is repeated in the liquid state 2. Partial static structure factors are calculated using the
Interestingly, the smaller Ge-O-Ge angle in germania relativé-ourier transform of the corresponding partial pair-
to silica means that germania has a more compacted packiristribution function, by means of

of its basic Ge(@y), units, a fact that is reflected in the O-O
coordination numbers, 8 for germania in contrast to 6 for
silica.

angle distribution (arb. units)

o

Sa,B(q) = 5aﬁ+ 47TP(CaC,B) vz

sin(gr) sin(wr/R)
d
qr 7r/R

R
X fo r?[gap(r)—1]
B. Diffraction pattern

2

Now we present the MD results for the scattering static
structure factor, both for neutrons and x rays, as well as the
partial scattering static structure factors. We calculate thenwherec, g =N,z /N is the concentration of the(8) spe-
in order to analyze these results in relation to liquid silica,cies. The window function siaf/R)/7r/R has been intro-
and for future comparison with experiments. duced to reduce the termination effects resulting from the
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FIG. 5. Neutron and x-ray structure factors(at T=3000 K
and(b) T=1500 K.

finite upper limit[29]. The cutoff lengthR is chosen as one-
half the size of the simulation box.

S, 5@
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FIG. 6. Partial structure factors @4 T=3000 K and(b) T

=1500 K.

In a similar way, the x-ray diffraction factor is calculated

by means of

> Fal@)f5(a)(CaCp)?S,45(a)

Sq(q) =2 L@

> f2(q)c,

wheref ,(q) is theg-dependent x-ray form factor, given by

IN

fa(q>=i§l a,; exf —b,i(a/4m)?]+c,. (5)

The neutron-scattering static structure factor can be obtfhe parametera, ;, b, ;, andc, are taken from Refl31]
tained from the partial static structure factors by weightingfor aluminum and Ref[32] for oxygen.

them with the coherent neutron-scattering lengths
2, babp(CaCr) M Sup(0) ~ Sagt (Cap) ]

vl

Sn(a)=
(€©))

whereb, denotes the coherent neutron-scattering length
species a. We use bge=0.8193<10"*A and bg

=0.5805< 10 4 A [30].

Figure 5a) shows the MD results for the neutron static

structure factoiSy(q) and the x-ray structure fact@y(q),

for the sample a =3000 K, and Fig. &) displays the re-
sults for T=1500 K. All figures show the characteristic
peaks of a liquid. The main features are that the first peak
occurs at approximatelgy=1.7 A~1, followed by a small
peak at 2.6 A1, and finally a third peak at 4.5A. In
analogy to the amorphous case, we can associate the third
opeak with the short range order, expressed in real space by
the Ge(Q)y), tetrahedron. The peaks at lowgrwould be
responsible for real space correlations beyentl A. Com-
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FIG. 7. Pair-distribution functior(full line) and coordination of 5.15 glcrd.

numbers(dash ling at T=1500 K and density of 5.15 g/cin

choose a system with a density of 5.15 glcrmorresponding
paring to amorphous germar{ia3], we can see that the two to a pressure of=11 GPa[35]. The pair-distribution func-
latter peaks coincide, but that the first peak is located at &on and coordination numbers are presented in Fig. 7, and
smallerq value, 1.54 A1, in the amorphous case. the angular distribution in Fig. 8.

The origin of the peaks 08y(q) and S(q) can be in- From the full curves of Fig. 7 we can see that for this
ferred from the partial static structure fact®gz(q) calcu-  system at high density the Ge-Ge first peak splits into two
lated from MD trajectories by means of E@). The results  peaks, with the first of these peaks located at 2.7 A, and the
are shown in Fig. 6 forT=3000 K and forT=1500 K.  second at 3.4 A. In a similar way, the O-O NN distance
These results indicate that the first peak of the total staticlecreases from 2.85 A at normal density to 2.65 A at the
structure factoiS(q) [as well as in theSy(q) and Sx(q)] is high density. The inverse trend is found for the Ge-O bond
mainly due to Ge-Ge and Ge-O correlations. The secontength which increases with the density from 1.7 to 1.8 A. At
peak arises from Ge-Ge and O-O correlations, including pardistances beyond the nearest neighbors, the pair-distribution
tial cancellation from Ge-O anticorrelations. The third peakfunction presents more structure at high density compared to
is due to all three correlations. Comparing these results to theormal density. Useful supplementary information can be ob-
simulation on liquid silica, we can see that in liquid silica the tained from the average coordination numbergs(R),
first peak is sharper than in our case and is due to all threghich is represented in Fig. 7 by a dashed line. Depending
correlationg 20]. on the cutoffR, the Ge-Ge coordination numbers is 2.5 up to
the first peak R=3 A) and 6.4 aR=3.7. The Ge-O and the
O-Ge coordination numbers are 5.2 and 3, respectively, at
R=2.5. Finally, the O-O coordination number is 11.3Rat

At the beginning of this Sec. Il we noticed that systems=3.5 A. Thus, we have a transition from a system of low
at higher densities show a volume collapse in the pressur&oordination numbers at normal density to one with high
volume curve in the range of 4—8 GPa, suggesting the posoordination numbers at high density. All these facts consti-
sibility that a liquid-liquid phase transition occurs, as the onetute an indication that a major structural transformation does
observed in the amorphous phase. Further insight into sudfake place, from an open to a closed packedlike structure.
transformation can be obtained by analyzing the structural We can gain further insight into the nature of the high
properties of a system at high densityigh pressure We  density phase analyzing the angular distribution presented in

C. Structural properties at high pressure
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TABLE Il. Density, bond length, bond angle, Ge-O-Ge angle, and bulk modulus of germania.

Phase Density  Bond length Ge-O 0-Ge-O  Ge-O-Ge Bulk modulus
(g/cnt) R Coordination number ~ Angle Angle (GP3
Quart? 4.28 1.737 4 113,106 130 39.2
1.741 110,107 129
Rutile® 6.25 1.871 6 80.2 130.1 258
1.903
Amorphou$§ 3.7+0.1 Ge-O~1.73 4 109 133 302
0-0~2.83 (104-115 o0~8.3
Ge-Ge~3.16
Liquids 3.65 Ge-O~1.7 4 109 130
(This work) 0-0 ~2.85 o~30
Ge-Ge~3.3

3Reference$23,24,28.
PReference$23,24,28.
‘Referencd 34].

Fig. 8. The three angles that reflect the structure of the basic The MD results for systems at 21 different densities at a
building block of the network are the O-Ge-O, Ge-0-0, andtemperature of 1500 K show a volume collapse in the pres-
0-0-0, angles. We can see that the main peak at O-Ge-@ure versus volume plot, in the range of 4—8 GPa. The analy-
angle changes from 109° at normal density to 90° at highsis of a system at the density of 5.15 gfcneveals that a
density, and also a small peak does appear &70°. The  major structural transformation takes place, from an open
angle Ge-O-O shifts one of its peaks from 35° at normalstructure at low density to a closed packedlike structure at
density to 45° at high density, while the other two peakshigh density. These facts are indicative that a liquid-liquid

remain fixed. Finally, the peaks of the angle O-O-O remainynase transition is very likely to occur, as is the case for the
the same, except that the height of the peak at 90° increasegmorphous phase.

It is not difficult to infer that these data are consistent with an According to our results we conclude that in liquid ger-

ohctahedral arrangemegt, with th%Geba}tqm aﬁlth.e fcenter. arH:‘ania there exists a well-defined short range order, domi-
the oxygen atoms in the vertex. Combining this informationy, ;.04 1y, 4 slightly distorted tetrahedron. In the network most

with the interatomic distances and the coordination numbersbe these tetrahedra are linked to each other by corners, at an

we conclude that at high density the elementary unit of the o
system is mainly a slightly distorted octahedron. The neares -ngle G_e-O-Ge 0F=130°. The’?’ at feW angstroms beyond
is basic tetrahedron, there still persists some degree of or-

neighbor connectivity of these elementary units is describe o : . . .
byl?he Ge-O-Ge ;\qular distribution. Co%;arlingl it with {heder. This kind of intermediate range order is reflected in the

distribution at low density we see that the small peak at gpdwo first peaks of the static structure factor and in the real
increases, and the large peak at 130° decreases, changing FR&ce correlations of the radial distribution and angular dis-
system from a mostly corner-sharing tetrahedral network affiPution functions. From this point of view liquid germania
low density to a network which mostly contains octahedra ads Similar to liquid silica, although in the latter case this kind

basic units, linked to each other by the corners, as well as b9f intermediate range correlations are much more marked
the edges and/or faces. than in the former one. In order to explain this fact it would

be useful to perform an electronic structure calculation on
both these systems. One can speculate that this difference
IV. CONCLUDING REMARKS could be explained by the increased metallicity of germa-
nium relative to silicon, which induces a closed packedlike
Table Il presents a summary of our findings for liquid structure, increasing the number of neighbors and therefore
germania together with experimental data of Ge®oth in  the disorder in the network.
the crystalline and the amorphous state, all of them at room
pressure. The data of the liquid state correspond to a tem-
perature of 1500 K. At room temperature and pressure the
stable crystalline phase is rutile, with a Ge-O coordination ACKNOWLEDGMENTS
number of 6. However, in the liquid state, germania suffers a
large expansion, lowering its density more than 40%, result- This work was supported by FONDECY(Chile) under
ing in a Ge-O coordination number of 4. This behavior Grant Nos. 1030063G.G), 8990005, and 103095@.R).
sharply contrasts with the silica case, where the stable cry$5.G. also acknowledges thélcleo Materia Condensada-
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