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First-principles molecular dynamics simulations are performed on high temperature liquid GeSe2 with two different gardient-
corrected density functionals: the Perdue-Wang (PW) and the Becke, Lee, Yang and Parr (BLYP) functional. Structural and 
dynamical properties are analyzed and show a high influence depending on which is used. The BLYP functional not only 
increases the tetrahedral character of the system with a larger fraction of homopolor Ge-Ge bonding types, but also greatly 
affects the structure factor S(k) and the self-diffusion constants of the liquid. On the overall, this new functional brings the 
structural description closer to experimental findings determined from neutron diffraction.  
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1. Introduction 
 
Molecular Dynamics (MD) has appeared to be a 

method of choice for the description and the understanding 
at a microscpic level of the structural, dynamic and/or 
vibrational properties of stoichiometric network-forming 
liquids and glasses such as SiO2, SiSe2 or GeO2. A certain 
number of studies have focused either on e.g. purely 
structural aspects [1-3], or on the relaxation dynamics 
related to the slowing down of the liquid close to its glass 
transition [4-6].  

Among this class of systems, the relative successes of 
a classical MD is sometimes due to the nature of the 
chemical bonding (ionic or covalent) as a large difference 
in electronegativity between the components allows for 
charge separation and makes possible a classical 
description using Coulombic charges. Oxide tetrahedral 
liquids such as SiO2 or GeO2 belong to this category and 
corrections have been brought in order to treat more 
complex systems incorporating additives [7-8]. On the 
other hand, the simulation of chalcogenides with more 
weaker differences in electronegativities leading to an 
increased electronic charge transfer and an increased 
spatial extent of the electronic density, has shown 
important limitations [9-10] with classical descriptions. 
This has been the case for GeSe2, although continuous 
refinements have been brought in the force fields. 
Experiments from neutron diffraction [11] show indeed 
the presence of defects made of homopolar bondings Ge-
Ge and Se-Se which are not reproduced from MD. While 
this feature is completely absent in oxide glasses [12], the 
presence of homopolar bonding is acknowledged in 

chalcogenide liquids and glasses, their fraction increasing 
when moving down the Periodic Table, i.e. GeSe2 has 
more homopolar defects [11] than GeS2 [13]. Classical 
Born-Mayer potentials can often only provide heteropolar 
systems, and hardly succeed to produce structures with 
defects. Vashishta and co-workers [9] carried out a certain 
number of Molecular Dynamics simulations using 
classical interatomic potentials. More recently, Mauro and 
Varshneya, have fitted a new potential for the description 
of GeSe2 which is able to produce some Se-Se defects in 
the glassy state [14], but no Ge-Ge bonds could be 
generated. 

A more accurate description of the structural and 
vibrational properties of liquid and glassy GeSe2 is 
certainly very timely as new interest has been brought to 
this compound and related alloys from an experimental 
viewpoint [15]. In fact, the binary GexSe1-x has proven to 
be a benchmark system for the understanding of a new 
elastic phase [16-18], an intermediate phase, discovered in 
the context of floppy to rigid transitions. This phase is 
found close to the network mean coordination number 
r=2.4 (corresponding to GeSe4) where a rigidity transition 
from global Maxwell constraint counting is found [19]. 
This new phase displays some quite remakable properties 
such as the absence of ageing, a stress-free character and 
the vanishing of kinetic controlled enthalpies at the glass 
transition [15]. It is furthermore found in a variety of 
glasses including binary oxide and multicomponent 
electrolytes [20-21]. At this stage and even in the 
archetypal GexSe1-x glass system, it is not clear what 
originates the intermediate phase although 
phenomenological models [22, 23] and non-self-consistent 
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DFT calculations [24] have been proposed to understand 
its salient features. Any new insight from accurate first 
principles calculations can therefore provide structural 
clues for a better understanding of this intermediate phase. 
But before, there is need to improve the description of the 
stoichiometric GeSe2 , even in the liquid phase. This is the 
purpose of the present paper. 

There have been continuous efforts to improve the 
density functional theory (DFT)-based description of 
GeSe2. Effects of the density approximations have been 
studied [25] and highlighted the crucial effect played by 
approximation schemes for the XC (exchange-correlation), 
ranging from local density approximations (LDA) to 
Perdew-Wang (PW) generalized gradient approximation 
(GGA). For instance, it was shown that GGA with respect 
to LDA, would account for a better ionicity manifesting 
itself through a larger depletion of the valence charge 
density at Ge sites and a larger accumulation around Se 
atoms [25]. A consequence of this result was the complete 
absence, when using LDA, of a first sharp diffraction peak 
(FSDP) in the total structure factor S(k), in disagreement 
with experiment. Using the PW scheme, the structure of 
the liquid and the glass was found to display a good 
agreement [26,27] with experimental data although some 
limitations could be drawn: weak tetrahedral ordering, 
underestimation of homopolar defects, increased metallic 
character. Concerning the latter, one has to remark that the 
PW functional is a parameter-free gradient corrected 
functional which has been derived [28] from a consistent 
truncation of the gradient expansion of EC, the reference 
state being the exact local correlation functional of the 
homogeneous electron gas. It therefore increases the 
delocalized behaviour of the valence electrons, i.e. 
increasing metallicity.  

Having in hand the relative good agreement between 
theory and experiment from this PW-GGA based DFT 
scheme [26], can the accuracy of the electronic-based 
description be pushed one step forward ? The present 
article attempts to address this basic issue by comparing 
for high temperature liquid GeSe2 the effect of two 
exchange-correlation functionals, the Perdew-Wang (PW) 
and the Becke, Lee, Yang and Parr (BLYP) functional. 
The latter attempts to optimize [29, 30] with one free 
parameter the correlation energy estimated from a Colle-
Salveti formula [31], without any reference to the electron 
gas model. One therefore expects an increase of the 
electronic localization. We refer the reader to our recent 
work on low temperature liquid GeSe2 (lt-GeSe2) for a 
more detailed rationale [32] on the reasons underlying the 
present choice of the BLYP functional. 

Our results show that, unlike lt-GeSe2 , the structure 
factors (total and to a lesser extent, partial) and the local 
structure (pair distribution functions, coordination 
numbers, fraction of homopolar bondings) are strongly 
sensitive to the choice of the functional, and bring a 
BLYP-based theory closer to the experimental findings 
[33]. Our paper is organized as follows. In Section 2, we 
describe our simulation method. Section 3 is devoted to 
the analysis of the partial and total structure factors and the 
comparison between experiment and theory from PW and 
BLYP. Section 4 focuses on the structure determined from 
the pair correlation functions, and analysis is given in 
terms of average coordination numbers and bond angle 

distributions. Section 5 provides some insight into the 
dynamical properties (diffusion constants).  We finally 
conclude and summarize the main results of the paper. 

 
 
2. Simulation details 
 
The calculations were performed at constant volume 

on a system consisting of 40 germanium and 80 selenium 
atoms. A periodically repeated cubic cell of size 15.5 A 
was used to recover the exerimental density measured [34] 
in the liquid at 1373 K. The electronic structure has been 
described using DFT which evolves self-consistently 
during the motion. As already mentioned, two distinct 
exchange-correlation (PW and BLYP) functionals have 
been used. Valence electrons has been treated explicitely 
to account for core-calence interactions. For both 
functionals, the wave functions have been expanded at the 
Γ point of the super-cell on a plane-wave basis set defined 
by an energy cutoff Ec=20 Ry. The present choice of the 
cutoff appears to reproduce the main features of the low-
vector limit of experimental partial structure factors and 
especially the FSDP. Details on the effect of the cutoff in 
GeSe2 can be found in Refs. [26] and [27]. PW and BLYP 
functionals showed moderate differences on the Ge-Se 
dimer in bond lengths (respectively d0=4.08 bohrs and 
3.99 bohrs) and vibrational frequencies (ω=392 cm-1 and 
398 cm-1). 

Additional computational details using the PW 
functional can be found in Ref. [26] and [27]. Concerning 
the BLYP functional, we used a fictious electron mass of 
µ0=600 a.u. (in units of mea0

2, where me is the electronic 
mass and a0 is the Bohr radius) and a time step of δt=0.1 fs 
to integrate the equations of motion. Temperature control 
is implemented for both ionic and electronic degrees of 
freedom by using Nosé-Hoover thermostats [35, 36]. The 
simulations at T=1373 K were respectively carried out 
over time periods of 8 ps and 19 ps for the PW and BLYP 
functionals.  

 
 

Fig. 1. Total neutron structure factors S(k) for liquid 
GeSe2 using BLYP and PW calculations (red curves, [26] 

and present results), compared to experiments (black 
curves, from Refs. [33]). 
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3. Structure factors 
 
The total structure factors for the two functionals are 

displayed in Fig. 1 and compared to experiments from 
neutron diffraction [33]. An correct agreement is found 
between the simulated BLYP total structure factor S(k) 
and the experimental one obtained by Penfold and Salmon. 
But while the improvement with respect to the PW scheme 
is obvious, we also notice that some salient features of the 
structure factor are still not well reproduced from a BLYP 
model. The latter leads indeed only to a shoulder 
contribution to the main peak for the first sharp diffraction 
peak (FSDP) found at k=1 Å -1. On the other hand, the two 
main peaks observed at 2.2 Å -1 and 3.5 Å -1 are now 
clearly split from the simulation, in contrast with the PW-
based description which showed [26] a single broad peak 
over the k-range of interest. We anticipate that the better 
agreement found at higher wave vector k for the BLYP 
functional should lead to a more accurate description of 
the local structure. Note finally that the system size (L= 
15.5 Å) is sufficiently large to cover the low wave-vector 
region where the FSDP is observed as kmin=2π/L=0.4 Å -1.  

 

 
 

Fig. 2. Calculated Faber-Ziman partial structure factors 
: BLYP calculations (black) and PW calculations (red). 

 
 

Additional insight is provided by the computation of 
partial structure factors Sij(k).  In Fig.  2, we show the 
Faber-Ziman partials SGeGe(k), SGeSe(k) and SSeSe(k). 
Although the BLYP and PW-based partials are found to be 
very close, one can notice that the main difference arises 

from the Ge-Se correlations. In fact, from the panel 
representing SGeSe(k), it is seen the BLYP and PW curves 
are similar but shifted by about 0.2 A-1 to the smaller q 
values for PW, together with a broader peak found at 
around 3 Å -1. These two features, shift and broadening, 
are responsible for the merging of the peaks observed 
experimentally in the total structure factor (fig. 1). 

 
 
4. Real space properties: pair distribution  
    functions and coordination numbers 
 
The partial pair correlation functions gij(r) are shown 

in Figure 3. A certain number of differences are found 
when considering the three functions. They also seriously 
contrast with the pair correlation functions found [32] at 
lower temperature (1050 K) for which the gGeSe(r) and 
gSeSe(r) using PW and BLYP have been found to be 
comparable. At the considered temperature of 1373 K, the 
global shape of all the partials is modified under the 
change of the exchange-correlation functional. One first 
notices that from the BLYP description, a well separated 
peak at 2.58 Å is obtained in the gGeGe(r) pair distribution 
function corresponding to the homopolar Ge-Ge bond, 
virtually absent in the PW calculations (fig. 3).  

The presence of homopolar Ge defects in the 
stoichiometric compound GeSe2 leads to a increase of 
local Ge-rich regions that need to be counterbalanced by 
homopolar Se-Se bonds. These are obtained for both 
descriptions (PW and BLYP) as manifested in the partial 
gSeSe(r) by a prepeak at 2.3 Å.  The bond distances 
obtained from the other peak positions of the partials are 
found to differ slightly, i.e. we respectively find 3.94 Å 
(3.74 Å for PW), 2.38 Å (2.51 Å for PW) and 3.85 Å  
(3.85 Å for the PW, Ref [26]) for the Ge-Ge, Ge-Se and 
Se-Se bond distance. These findings are found to be in 
better agreement (respectively ~3.3, 2.40, and 3.80 Å) 
when compared to structural studies from neutron 
diffraction at the same temperature [33]. 

We finally remark that the minimum observed after 
the secondary peak at r ~ 3.6 Å in the Ge-Ge pair 
distribution function is much deeper for the BLYP model, 
similarly to what is observed for the Se-Se correlations 
where a pronounced minimum is found somewhat lower 
than 3.0 Å. On the overall, this means that the BLYP 
model leads to a slightly more structured liquid as the 
minimum between the first and second shell of neighbours 
is found to be deeper. It also brings the BLYP model 
closer to experimental findings [33] concerning the total 
pair distribution functions (Fig. 4). We obtain in fact a 
nearly complete agreement with a reproduction of almost 
all peak positions and heights, in contrast with the PW 
scheme. Short range (real space) and intermediate range 
(reciprocal space) are clearly improved with the BLYP 
functional. 
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Fig. 3. Partial pair correlation function for liquid GeSe2 
at 1373 K: BLYP calculations (black), PW calculations 

(ref [26]). 
 

We characterize a mean neighbourhood for the atomic 
species from the integration of the pair distribution 
functions which gives access to the respective 
coordination numbers nGeGe, nGeSe and nSeSe where one has 
furthermore nSeGe=nGeSe/2. This allows the computation of 
the mean coordination number of the liquid defined by: 

 
)()( SeGeSeSeSeGeSeGeGeGe nncnncn +++=      (1) 

 
where cGe and cSe represent respectively the concentration 
of germanium (33%) and selenium atoms (67/%). Having 
performed this computation over the same range of 
integration of the peaks as in [26] and [33], namely (2.09-
3.01 Å), one obtains a mean coordination number from the 
BLYP estimation that is closer ( 83.2=n ) to the 
experimental value [33] ( 61.2=n ) than the computation 
obtained from PW ( 95.2=n ).  
 

Table 1. Coordination numbers extracted from the area 
of the first peaks in the pair distribution functions, 
compared  to  previous  results  using  the  PW functional  
     [26] and the same integration range (2.09-3.01 Å). 

 
 nSeSe nGeSe nGeGe
BLYP (present 
study) 

0.86 3.15 0.47 

PW (Ref. [26]) 1.08 3.19 0.32 
 

 
 

Fig. 4. Total pair distribution function from BLYP (black 
line) and PW (red line, Ref. [26]) calculations, compared  
            to experimental results (circles, Ref [33]). 

 
 
 

To gain an additional insight into the short range order 
of the liquid, and in order to fully characterize the local 
atomic environment, we define the quantity nα(l) as the 
average number of atoms of species α that is l-fold 
coordinated, where α are Ge or Se atoms. A cut-off 
distance of 3 Å has been used to compute the coordination 
number from the first shell of neighbors. The present 
distance corresponds to the first minimum of the total pair 
distribution function (Fig. 4) and of the Ge-Se pair 
distribution function, but it is also close to the location of 
the obtained minima for the Ge-Ge and Se-Se correlations.  

The comparison of the details of the local structure 
between BLYP and PW shows that the percentage of four-
fold Ge atoms is substantially increased (49% against 37% 
with PW, fig. 5) but remains smaller than at lower 
temperature (1050 K, [26]). Our simulations contain a 
large amount of homopolar defects as manifested by an 
increased height and area of the first peak in the Ge-Ge 
pair distribution function. The increase of the fraction of  
four-fold germanium induces a decrease of the defect 
coordination l=3 which is typical of the rocksalt GeSe 
phase [27] and whose signature is found experimentally in 
GeSe2 from Mössbauer and Raman measurements [38]. 
The growth of this defect coordination in GexSe1-x with Ge 
composition x contributes together with the growth of 
homopolar bonding to a nanoscale phase separation and a 
reduction of the network connectivity which manifests in a 
maximum in the glass transition temperature [39] at 
x=0.33. 
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Fig. 5. Average number nGe(l) and nSe(l) of Ge and Se 

atoms that are l-fold coordinated at a distance of 3 A in 
the liquid at 1373 K using the BLYP functional (PW 

results in red from Ref. [26]). 
 
 

The selenium atoms show an increased preference for 
two-fold bonding (59% against 42 % for PW). This 
preference mostly leads to a growth of two-folded 
selenium atoms  connecting to two germanium atoms (a 
Se-Ge2 unit). Apart the one-fold defects, using BLYP all 
other possible coordinations (nSe(l) with l=3,4,5) are 
decreased with respect to the PW functional. 

We finally show that temperature greatly affects the 
coordination number as shown in Figure 6. Here, one can 
see that over the 300 K interval between 1373 and 1050 K, 
the fraction of four-fold germanium and two-fold selenium 
atoms build up as usually expected in network glass-
forming liquids [40]. We refer the reader to our work on lt-

GeSe2 for additional details on the local coordination 
numbers [32]. 

 

 
 

Fig. 6. Comparison of the obtained BLYP Ge and Se 
coordination numbers between 1050 K (blue, ref. [32]) 

and 1373 K (black,  same as figure 5). 
 
 

The computation of the bond angles shows that the 
bond angle distribution (BAD) is also very sensitive to the 
exchange-correlation functional. In fact, it is seen from 
Figure 7 that the bond angle Se-Ge-Se displays a 
proeminent peak at around 109o of a symetric distribution 
for BLYP, against 103o for PW. The presence of the angle 
at 109o underscores the higher tetrahedral character of the 
BLYP-based liquid, a result that is in harmony with the 
results displayed in figure 5 showing the increased four-
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fold coordination. Differences in the BAD emerges also 
from the Ge-Se-Ge component which provides a insight 
into the topology of the liquid, namely the different ways 
two tetrahedra can connect together.  With a larger amount 
of angles in the range 100o-130o, one expects to have a 
more open structure with BLYP. The angles in liquid 
GeSe2 have not been characterized but in the amorphous 
phase, it is usually found for Se-Ge-Se two contributions 
at 80o and 98o arising from edge- and corner-sharing 
tetrahedral [41]. Here it is found only a broad peak centred 
at around 100o, close to the low-temperature identified 
corner-sharing tetrahedral angle. 

 
 
Fig. 7. Bond angle distribution of the 1373 K liquid 
GeSe2 computed from PW (red curves, [26]) and BLYP  
                      functionals (black curves). 
 
 
5. Dynamic properties 
 
We finally focus on the transport properties by 

computing the mean-square displacement of a tagged atom 
of type a in the liquid: 

 

∑
=
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with Nα is the number of atoms α.  

The time dependence of this quantity for Ge and Se 
atoms is shown in Fig. 8 for the two temperatures 1050 K 
and 1373 K. In a log-log plot of the mean square 
displacement with time, the diffusive regime can be 
detected from a linear behaviour with a slope of one. Here, 
it is seen that for the high temperature liquid (1373 K), 
diffusion sets in after 2 ps, whereas it is only starting at the 
largest simulation time (40 ps) for the 1050 K BLYP 
liquid.  The diffusion constant D can be obtained via the 
Einstein relation limit: 

 

                   
t

tr
D

6

)(2

=                      (2) 

 
and corresponding Ge and Se diffusion constants extracted 
from Figure 8 are respectively 125107.2 −− ⋅× scm , and 

125 .102.2 −−× scm  for the 1373 K liquid, one order of 
magnitude larger than the diffusion constants found at 
1050 K. One should note that for both temperatures, the 
diffusion constants of both Ge and Se atoms are about five 
times smaller with the BLYP scheme, when compared to 
PW.  

 
 

Fig. 8. Mean square displacement for Ge (solid) and Se 
(broken lines) at 1373 K with the BLYP (black) and PW 
(red, [26]) functionals. The insert shows the 
corresponding behaviour for the temperature T=1050 K  
                                  ([27,32]).   

 
 

How do these values compare with experimental data 
? From this viewpoint, we are not aware of any published 
data but one can estimate rather accurately a mean 
diffusion constant from viscosity data [42] using the 
Eyring relation: 

                                
ηλ

Tk
D B=                                     (3) 

 
where λ is a typical hopping length for the diffusing atom 
[43]. In silicate melts e.g., Na2SiO3, Eq. (3) holds very 
well [44] with λ=2.8 Å, a distance typical of Si-Si and O-
O separation in these melts. From viscosity data [45] of 
liquid GeSe2, one is able to proceed in a similar way and 
deduce an average diffusion coefficient by postulating a 
reasonable value for the hopping length. Taking for λ a 
distance close to the Ge-Ge and Se-Se bond distance                    
(3.7 Å), we obtain for the temperature 1373 K a diffusion 
coefficient equal to 125 .1054.2 −−× scm  which can be 
compared to the estimation of  DGe and DSe from the mean 
square displacement. It turns out that the BLYP model 
shows a better agreement with respect to this estimation. 
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The agreement is maintained in the lower temperature 
state.   
 

 
 
Fig. 9. Self-diffusion constant of simulated GeSe2 (red) 
and GeO2 (Ge: filled circles, O: open circles [46]) for as 
a function of inverse temperature. The two data points on  
           the red line correspond to 1050 and 1373 K. 

 
 

The present result can be compared to simulated 
diffusion constants [46] in liquid GeO2. This comparison 
is made in Figure 9 where oxygen and germanium 
diffusion constants obtained from classical Molecular 
Dynamics are put in contrast with the present findings for 
GeSe2 (DGe, red curves, similar to DSe).  It is found that at 
a given temperature, the diffusion constant of GeSe2 is 
higher when compared to GeO2, leading therefore (if one 
uses equ. (3)) to a lower viscosity.  

We furthermore remark that, since both GeSe2 and 
GeO2 have the same slope in the figure, the related 
activation energy for Arrhenius-like diffusion for GeSe2 is 
almost the same as the one found for GeO2 (EGe=1.20 eV 
and EO=1.12 eV). And as both glass-forming systems have 
a similar glass transition temperature (found to be 
respectively 850 K and 750 K for GeO2 [47] and GeSe2 
[39]), one does expect that in an Angell plot representing 
the log of the viscosity with Tg/T, the viscosity curve of 
GeSe2 will lie close but below the viscosity curve of GeO2. 

   
 
6. Summary and conclusions 
 
A detailed structural analysis of high temperature 

liquid GeSe2 using two exchange-correlation correlation 
functionals for the Kohn-Sham DFT calculation (PW and 
BLYP) has been reported. The first (PW) one is based on 
an extension of the uniform electronic gas approximation 
whereas the second one (BLYP) does not make any 
reference to this approximation and is expected therefore 
to enhance charge localisation properties. When 
comparing our results from BLYP to previous work 
devoted to this compound [26] using PW, we can clearly 
conclude that the former functional leads to an increased 
accuracy with respect to experimental data. Some clear 
features appear from this study. BLYP increases the 

tetrahedral character and the number of defects 
(homopolar Ge-Ge), consistently with recent findings at 
lower temperature [32]. It leads to an excellent agreement 
of the total pair distribution function when compared to 
experimental data. It also provides an estimate for the Ge 
and Se diffusion constants which are found to be close to 
and estimate from experimental data for viscosity.   

In the high temperature liquid, BLYP appears to 
improve both the short-range (through the pair distribution 
function) and the long-range order (through the S(k). This 
situation contrasts with findings at lower temperature 
where the level of accuracy for the structure factor was 
found to be similar for both functionals.  
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