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Introduction

• Optics

• Microelectronics

• Radioactive waste storage



Introduction

• Short range order is well characterised using diffraction probes

Ge

Ge

O

OO

O

O

O

O



Introduction

Ge

O

O

O

O

Ge

Ge

O

O

O

O

O

Ge

Ge

O

OO

O

O

Ge

O

OO

O

O

O

Ge

O

O

Ge

Ge

O

OO

O

O

O

O

?

• Medium range order? - difficult for diffraction probes

• Described by distribution of Ge - O - Ge angles



Introduction

• Solid State NMR experiment is sensitive to medium range length scales

• We need to establish correlation between measured NMR parameters and 
structure



Calculation

• Preparing models of vitreous GeO2:

• subject to periodic boundary conditions

• cubic simulation cells

• experimental density

1. classical molecular dynamics starting with SiO2 

2. rescaling of simulation cell by Ge-O / Si-O bond length ratio

3. damped first principles molecular dynamics



Models of vitreous GeO2

Size (atoms) Ge-O-Ge

Model A 168 135.0º (10.6º)

Model B 36 130.2º (10.9º)

• models showed good agreement with available experimental data for

• diffraction structure factors

• vibrational spectra



NMR Calculations

• GIPAW in CASTEP

• ultrasoft pseudopotentials

• PBE exchange-correlation functional

• cut off energy of 500 eV

• Brillouin zone sampled using a MP grid with a maximum spacing of 0.055 A−1

• Accuracy: 2 ppm for 17O and 73Ge shieldings and within 0.1 Mhz for 17O and 
73Ge quadrupole coupling constants



NMR parameters of interest

• isotropic shifts 

• measures chemical shielding effect due to induced electric currents

• quadrupole coupling constants CQ

• electric-field-gradient asymmetry parameter η

• measure electronic density around the nucleus
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17O isotropic shift

Correlations with Ge-O-Ge angle
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clear correlation can be 
observed

73Ge isotropic shift

Correlations with Ge-O-Ge mean angle



73Ge EFGs

Correlations for 73Ge EFG parameters

no obvious structural correlation found
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clear trend can be 
observed

17O asymmetry EFG

Correlations with Ge-O-Ge angle
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observed

17O quadrupole coupling constant

Correlations with Ge-O-Ge angle
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 can use shifted fit to 
extract structural data

17O quadrupole coupling constant

Correlations with Ge-O-Ge angle
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So what is the mean Ge-O-Ge angle?

17O Cq (Mhz) Ge-O-Ge

Du and 
Stebbins, 2006

7.4 135º

Hussin, Dupree, 
Holland, 1999

7.1 131º

• and we showed that typical Ge-O-Ge angles in vitreous GeO2 lie between 
124º and 139º



Conclusion

• 2 vitreous GeO2 models

• CASTEP NMR calculations

• experimental Cq measurements

• mean Ge-O-Ge angle of 135º
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bution of the other models show the same mean value. The
standard deviations are also similar, except for model III
which evidently suffers from the absence of a thermalization
step in the generation procedure.

To address the degree of distortion in the GeO4 tetrahedra,
we compared the bond-length and bond-angle distributions
in Fig. 2 with those of a model structure of SiO2 generated
according to a similar procedure.39 This comparison shows
that the relative bond-length distribution in v-GeO2 and v
-SiO2 is similar. However, the bond-angle distribution of v
-GeO2 is noticeably broader than that of v-SiO2, indicating
that the tetrahedra in the former case show a larger departure
from the ideal geometry. This property is conveniently illus-
trated by introducing the distortion parameter !V. This pa-
rameter is defined for each tetrahedron as the ratio between
its volume and the volume of the ideal tetrahedron with the
same average bond length. In our models of v-GeO2, the
ratio !V is always found to be smaller than 1.0. We found
that the distribution of !V for v-GeO2 is significantly broader
than the corresponding distribution for v-SiO2 �Fig. 3�.

2. Medium-range order

In this section, we analyze structural properties on length
scales beyond that of the single tetrahedron. We describe the
connectivity between tetrahedra by focusing on the Ge-O-Ge
bond-angle distribution and the ring statistics.5

As shown in Fig. 4, the Ge-O-Ge angle distribution differs
markedly from one model to the other. In particular, the dis-
tribution of model I shows an average value of 135° and a
standard deviation of 10.6°, in good agreement with param-
eters extracted from diffraction data �133°, 8.3°�.4 The other

models show distributions with lower mean values, ranging
between 120° and 130°. The main parameters of these distri-
butions are summarized in Table I.

Figure 5 shows the ring statistics for our model structures.
The four model structures agree in indicating the six-
membered ring as the dominant ring size. However, signifi-
cant differences between the models occur for smaller ring
sizes. It is particularly interesting to focus on three-
membered rings, the smallest ring size found in our models.
Model I contains four three-membered rings. Models II and
III have two and five of such rings, respectively. No three-
membered ring is found in model IV. The three-membered
rings are quasiplanar, as can be inferred from the sum " over
all bond angles in the ring. In model I, " averages to 696°,
only slightly lower than the ideal value of 720°. In the
smaller models II and III, " averages to 687.2° and 691.7°,
respectively. The planarity in three-membered rings is driven
by the fact that the average Ge-O-Ge angles in such rings
�123° in model I�are considerably lower than the average
Ge-O-Ge in v-GeO2 �133°, Ref. 4�. In the planar configura-
tion, these angles are maximized.40

It is also worthy of note that models with similar Ge-
O-Ge angle distributions do not necessarily show similar
ring statistics. Models II and III show very similar Ge-O-Ge
angle distributions, with a large weight in the range between
110° and 130°. However, their ring statistics differ markedly
for three- and four-membered rings �Fig. 5�. On the other
hand, models I and II share similar ring statistics, but their
Ge-O-Ge angle distributions show considerably different pa-
rameters �Table I�.

3. Pair correlation functions

In a binary system, the partial pair correlation function
g#$�r�gives the ratio between the density of atoms of species
$ at a distance r from an atom of species # and the average
density %$ of atoms of species $:41

g#$�r�=
1

N#%$
�

I!#,J!$

!�r − �RJ − RI�� , �1�

where N# corresponds to the number of atoms of species #.
We calculate partial pair correlation functions in the har-

monic approximation using the vibrational eigenmodes and
frequencies.42 At 300 K, this has been found to be a good

FIG. 3. The distribution of the distortion parameter !V is given
for the same models considered in Fig. 2. We found a spread of
0.011 and 0.020 for v-SiO2 and v-GeO2, respectively.

FIG. 4. Distribution of the Ge-O-Ge intertetrahedral angle for
our four models of v-GeO2: model I �solid�, model II �dot-dashed�,
model III �dotted�, and model IV �dashed�. A Gaussian broadening
of 2.5° is used.

FIG. 5. Ring statistics of our four models of v-GeO2 according
to the minimal path analysis �Ref. 5�.
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