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Fluctuations over Intermediate Range Distances
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A first-principle molecular dynamics study on liquid GeSgelds structural properties in good
agreement with detailed neutron scattering data. The short range order is accurately described by a
variety of bonding configurations, in which regular tetrahedra coexist with an important fraction of
homopolar bonds and threefold centers. The first sharp diffraction peak in the total structure factor,
which characterizes order over intermediate range distances, is also well reproduced. However, this
level of theory does not yield concentration fluctuations over such distances as observed in experiment.
[S0031-9007(98)05500-8]

PACS numbers: 61.25.Em, 61.20.Ja

A first sharp diffraction peak (FSDP) observed in sev-network of unprecedented quality, as evidenced by the
eral binary network-forming materials is a manifestationcomparison with neutron diffraction data. In particular,
of order occurring over intermediate range distances [1]Jthe FSDP in the total structure factor is correctly repro-
This peak is anomalous in a number of ways, and severaluced. In liquid GeSethe predominant bonding configu-
interpretations have been put forward to explain its strucration is the regular tetrahedron. An important fraction of
tural origin [2—11]. While the FSDP in the total structure homopolar bonds and miscoordinated atoms are also ob-
factor has been the subject of many investigations, less aserved, resulting in a pronounced departure from chemical
tention has been devoted to its appearance in the partiatder. However, in spite of the overall good agreement
structure factors, which have become experimentally acwith the experiment, the level of accuracy of our theory
cessible only recently via isotopic substitution in neutronis still insufficient to produce a FSDP in tt§gc structure
diffraction [12,13]. factor.

In a molecular dynamics study based on empirical po- We perform constant volume first-principle molecular
tentials, it was emphasized that the absence of a FSDP gynamics simulations in which the electronic structure is
the Bhatia-Thornton [14] concentration-concentration pardescribed within density functional theory and evolves
tial structure factoScc was a general property of binary self-consistently during the motion [23]. In our approach,
glasses [15,16]. In the case of liquid and glassy,SiO the valence electrons are treated explicitly, whereas
these predictions were indeed confirmed by first-principlenorm-conserving pseudopotentials are used to account
molecular dynamics [17]. However, neutron diffraction for core-valence interactions [24]. A generalized gradient
experiments on liquid Ge$eshowed that a FSDP also approximation (GGA) for the exchange and correlation
occurred in theScc structure factor [12] in marked con- energy was adopted [25,26]. Our system consists of a
trast with the theoretical predictions. Subsequently, thestoichiometric composition of 120 atoms in a periodi-
appearance of a FSDP in tec structure factor was also cally repeated cubic cell of sidés5.7 A, corresponding
observed in other disordered systems [18]. to the experimental density of the liquid &t= 1050 K.

The classical molecular dynamics investigations menThe wave functions are expanded at thepoint of the
tioned above provided a description of liquid and glassysupercell on a plane wave basis set defined by an energy
GeSe mainly consisting of chemically ordered networks cutoff of 10 Ry. This choice leads to converged values
of corner- and edge-sharing tetrahedra [19]. There ardor the Se-Ge dimer bond lengthiy(= 4.01 a.u.) and
however, experimental indications that chemical order isibrational frequency¢ = 392 cm™!), which reproduce
broken in glassy [20,21] and liquid GeSH2]. The oc- the experimental data to within 1% and 4%, respectively.
currence of homopolar bonds is further supported by &/e chose an initial configuration by adapting a crys-
recent molecular dynamics study [22]. Therefore, it is intalline network of tetrahedra to the size of our cell. A
order to examine whether an improved description of thdictitious electron mass, = 5000 a.u. and a time step
structure of liquid GeSecould give rise to a FSDP in the §¢ = 0.54 fs have been used to integrate the equations
Scc structure factor. of motion according to the preconditioning scheme in

In this Letter we report the results of first-principle Ref. [27]. Temperature control is implemented for both
molecular dynamics simulations of liquid GeSeOur ionic and electronic degrees of freedom by using Nosé-
structural model gives a description of the microscopicHoover thermostats [28,29]. After a sufficiently long
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time period of equilibration, during which the tempera-to characterize the microscopic structure predicted by our
ture of the system was gradually lowered from 3000model of liquid GeSe To this end we calculate coordina-
to 1000 K, time averages were taken over a periodion numbers by using a cutoff radius ®fA, correspond-
of 10 ps. The average distance covered by the atomsg to the minimum in the Ge-Se pair-correlation func-
during the equilibration period~20 A) is sufficiently tion. This value is also appropriate to describe nearest
extended to ensure that the liquid produced at 1000 Kieighbor Ge-Ge and Se-Se distances. In the picture which
keeps no memory of the initial configuration. emerges from our calculations fourfold coordinated Ge
The calculated neutron scattering structure factor showatoms (63%) and twofold coordinated Se atoms (74%) are
excellent agreement with the experiment (Fig. 1) [12,30]still predominant, but coexist with an important fraction
In particular, the position and the height of the FSDP areof other configurations, such as threefold Se atoms (23%)
accurately reproduced. This suggests that intermediater undercoordinated Ge atoms (30%). This goes with a
range distances are accurately described in our model. substantial disruption of chemical order, which is quanti-
more detailed comparison between theory and experimefiied by 10% of the Ge and 39% of the Se atoms forming
is provided by the partial structure factors (Fig. 2). Thehomopolar bonds. The Ge fraction is in reasonable agree-
agreement between theory and experiment is also vempent with the estimate of 16% derived from Mossbauer
good in this case. The peaks atA~! and beyond, spectroscopy for glassy GeSf1]. Almost all of the
which define the short range order, are well reproducedGe-Ge bonds are found in dimers, but in the case of Se
This is particularly striking for the Se-Se structure factor,more than a fourth of the atoms forming homopolar bonds
which carries the smallest experimental errors. A detaileére part of trimer chains, which recall typical Se mo-
inspection reveals that the second and third peaks itifs. As confirmed by visual inspection (Fig. 3), for such
the theoretical Ge-Ge structure factor show a slight shifa structure the characterization in terms of corner- and
towards lower wave vectors, but their overall shape agreesdge-sharing tetrahedra is inappropriate. Nonetheless, we
with the experimental curve. However, in correspondenceounted that about 45% of the Ge atoms are part of chem-
to the FSDP, the agreement is only qualitative for each ofcally ordered fourfold rings, confirming the value ex-
the partial structure factors. Thus, despite the impressiveacted from neutron diffraction data [12]. We also found
accord in the total structure factor, the distribution of thethat a large fraction of Ge atoms (46%) is part of five-
FSDP weight in the partial structure factors appears to béold rings, in which the chemical order is broken only by
different in theory and experiment. a Se-Se dimer. This type of structure recalls a subunit of
The microscopic structure of disordered GegSgstems
has long been contentious [31-35]. Many recently, the

observed breakdown of chemical order [12,20,21] has 3 . . . .
questioned the validity of continuous random network Se-Se
models for describing these materials [36]. Therefore, 2t :

given the agreement with the experimental data for both
the total and the partial structure factors, it is of interest
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FIG. 1. Calculated neutron structure factor for liquid GeSe q

compared to experimental data from Ref. [12]. We usedFIG. 2. Faber-Ziman partial structure factors for liquid GeSe

scattering lengths dfg. = 8.189 fm andbs. = 7.97 fm. theory (solid) and experiment (dots with error bars) [12].
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FIG. 3. A snapshot of an instantaneous configuration of liquid % |

GeSe. Black sticks depart from Se atoms and grey sticks 7 04 CcC .

from Ge atoms. Two atoms are connected when their mutual A |
distance is smaller thahA. Some Ge and Se atoms have been i My
removed for clarity.
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the “outrigger-raft” model, in which Se-Se dimers termi- 0 2 4 6 8 10 12 14
nate crystallinelike layers [32,33]. This structural analy- Al
: , , q(A)
sis shows that neither continuous random network nor

crystallinelike models [32,33] are adequate to describ&!G. 4. The Bhatia-Thornton partial structure factors [14] for
disordered GeSesystems Itl)qum)i [Ge]Sg: theory (solid) and experiment (dots with error
) ars) [12].

The Bhatia-Thornton structure factors (Fig. 4) are ob-
tained by taking linear combinations of the partial struc-

ture factors in Fig. 2 [14]. The number-number structur . .
factor Syn resembles the total structure factor because th SDP. in theScc §tructgre facto.r observed obse_rved n the
experiment. This defines an important open issue in the

scattering lengths of Se and Ge are very close. Thus, th . . . .
theoretical description of the FSDP in tign structure r?hysms of disordered network-forming materials.
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