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a b s t r a c t 

Unlike traditional silicate glasses, germanate glasses often feature non-monotonic variations in mate- 

rial properties (e.g., elastic moduli and glass transition temperature) with varying chemical composition, 

temperature, and pressure. However, the underlying atomic-scale structural origins remain poorly under- 

stood. This is because, in most oxide glasses, the structural changes are quantified through solid-state 

NMR spectroscopy, but unfortunately the only NMR active germanium isotope (73 Ge) has very unfavor- 

able NMR properties. Here, we circumvent this problem by using high-energy X-ray and neutron total 

scattering coupled with ab initio molecular dynamics simulations as input for Reverse Monte Carlo mod- 

eling. In detail, we study the structure and properties of two sodium germanate glasses (10Na2 O-90GeO2 

and 20Na2 O-80GeO2 ) subjected to permanent densification through hot compression up to 2 GPa at the 

glass transition temperature. While density as well as Young’s and bulk modulus increase with pressure 

as expected, shear modulus first increases and then decreases slightly at higher pressures. The refined 

atomistic structure models suggest that the glasses feature a distribution of 4, 5, and 6 coordinated Ge 

with a majority of 4 and 5 coordinated species. Only minor changes in the Ge–O coordination occur 

upon hot compression, but a notable transformation of edge- to corner-sharing Ge-polyhedra is found. 

This anomalous polyhedral packing causes a lower number of angular constraints upon higher pressure 

treatment, explaining the non-monotonic trend of shear modulus with pressure. We also find that the 

rings become smaller and less circular upon compression, contributing to the volumetric compaction. 

These findings may aid the future design of germanate glasses with tailored properties and the general 

understanding of structure-property relations in oxide glasses. 

© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Germania (GeO2 ) is one of the single oxide glass formers and 

hus analogous to the archetypical silica (SiO2 ) glass system [1] . 

owever, in comparison to silicate glasses, germanate glasses are 

ignificantly less studied and several questions regarding their 

hermal, mechanical, and structural properties remain unanswered. 
∗ Corresponding authors. 

E-mail addresses: soe@bio.aau.dk (S.S. Sørensen), mos@bio.aau.dk (M.M. Smed- 
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his includes the so-called “germanate anomaly”, which is the 

on-monotonic change of properties (e.g., density [2] . glass tran- 

ition temperature [3] , elastic moduli [4] , fracture toughness [5] , 

hermal conductivity [5] , and non-reversing heat flow [6] ) when 

dding different network modifiers (alkali, alkaline earth, and tran- 

ition metal oxides) to GeO2 . The underlying structural origin of 

his effect remains heavily debated, including whether it is due 

o a change in Ge coordination from 4 to 5 and/or 6 [7–9] , or

hether it is due to changes in ring-type structures [ 7 , 8 , 10 ]. As

uch, the structure-property relations in the germanate glass fam- 

ly are more complex than those of archetypical silicate glasses and 
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hus more akin to borate glasses [ 1 , 11 ]. This poses challenges for

he glass community, but it is also an opportunity to gain a deeper 

nderstanding of general structure-property correlations of the ox- 

de glasses. The difficulty in deciphering the structural origins can 

e largely attributed to the lack of a suitable nuclear magnetic res- 

nance (NMR) active germanium isotope in contrast to the highly 

MR suitable isotopes of other network glass formers, such as 29 Si, 
1 B, 31 P, and 27 Al [12] . Other structural characterization methods 

re therefore needed. To this end, X-ray and neutron total scatter- 

ng techniques are ideal due to their ability to extract fundamental 

nformation on average coordination in especially simple systems, 

s well as provide complementary information on structure beyond 

he short-range order, i.e., medium-range order (MRO). 

Apart from composition-induced changes in the germanate 

lass structure, their non-equilibrium nature also causes the struc- 

ure to vary as a function of the thermal and pressure history 

13] . For example, through compression at low or high tempera- 

ures (typically either << Tg or ∼Tg , respectively) [14] , commonly 

oined as cold and hot compression and typically involving either 

ie-type pressing ( < 10 GPa), submerging into a liquid pressure 

ransmission medium ( > 10 GPa), or using gas pressure cham- 

ers (a few GPa) [14] . Both cold and hot compression tends to in-

rease the local coordination number (CN) of liable species in ox- 

de glasses (e.g., B and Al) [15–17] , and increasing the tempera- 

ure during compression generally makes the change in CN greater 

16] . The CN contributes to the network densification in, e.g., bo- 

ate and alumina-containing glasses [15–17] . In other systems, e.g. 

ilicates, no CN number changes are apparent at low pressures ( < 

0 GPa [ 14 , 18 ]), yet the structure is densified by changes in the

RO [19] , such as by reducing ring sizes [20] . Despite a great in-

erest in the pressure response of a variety of glass systems and 

ts impact on structure and properties [ 13 , 14 , 21–26 ], the pressure

esponse of germanate glasses has not been studied in detail. A 

otable exception is recent in situ work on pure GeO2 glass com- 

ression under extreme pressures ( > 100 GPa), reporting coordina- 

ion changes with a CN for germanium of up to (or even above) 6 

nd a CN for oxygen of ∼4 [27–30] . These results confirm earlier 

xperimental studies and emphasize an increase in the Ge-O bond 

istance from 1.73 Å to 1.86 Å upon moderate compression [31] , 

onsistent with results from classical molecular dynamics simula- 

ions [ 32 , 33 ]. 

In this work, we focus on a lower pressure regime and em- 

loy hot compression (up to 2 GPa of N2 pressure at Tg ) to alter 

he structure of two sodium germanate glasses (10Na2 O-90GeO2 

nd 20Na2 O-80GeO2 ). We then perform structural and mechani- 

al analyses on these permanently densified samples after subse- 

uent cooling and decompression to ambient conditions. In detail, 

e correlate their mechanical properties with the atomic struc- 

ure as characterized by state-of-the-art synchrotron and neutron 

otal scattering measurements. Using ab initio molecular dynam- 

cs (AIMD) simulations, we produce the initial structures of these 

lasses, which are then refined by Reverse Monte Carlo modelling 

ased on the experimental X-ray and neutron data. We observe a 

aximum of the shear modulus in both studied glass composi- 

ions upon hot compression, which we ascribe to medium-range 

ather than short-range order structural changes. Namely, signifi- 

ant changes in the inter-polyhedral packing and the packing of 

e–O ring-type structures but only minor distortions of the local 

e–O coordination environment. 

. Materials and methods 

.1. Sample preparation 

Base glasses of molar compositions 10Na2 O-90GeO2 and 

0Na O-80GeO were prepared by the melt quench method. 
2 2 

55
pecifically, GeO2 (Chempur, 99.999 %) and Na2 CO3 (Sigma-Aldrich, 

 99.5 %) powders were used as starting materials. The powders 

ere weighed, thoroughly mixed, and added to a Pt90 Rh10 cru- 

ible before heating to ∼1300 °C. The melts were then homoge- 

ized for 2 h before finally being quenched onto a brass plate. The 

btained glasses were annealed at their glass transition tempera- 

ures for ∼0.5 h ( Tg ∼504 °C and 533 °C for 10Na2 O-90GeO2 and 

0Na2 O-80GeO2 , respectively) before turning off the furnace and 

etting it cool to RT passively. These glass transition temperatures 

ere probed by differential scanning calorimetry (DSC) by heating 

rom room temperature to ∼20 °C above the estimated Tg and then 

ooling to 200 °C and reheating to ∼100 °C above Tg . All heating 

nd cooling scans were done at a rate of 10 K min–1 . The Tg was

aken as the onset of the glass transition region of the second DSC 

pscan. We find good agreement with previously measured Tg data 

3] . 

Hot compression of the annealed glasses was performed ac- 

ording to the description in Ref. [16] . In summary, the glasses 

ere compressed in the chamber at 0.5, 1.0, or 2.0 GPa of N2 gas 

ressure while being heated to their respective ambient pressure 

alue of Tg . The maximum pressure and temperature were main- 

ained for 30 min before cooling (60 K min–1 ) under pressure. 

hen reaching room temperature, the pressure was released at a 

ate of 30 MPa min–1 . All following analyses were performed on 

he permanently densified samples recovered from the hot com- 

ression treatment. Permanent here refers to the finding that the 

lasses remain in their densified state unless they are heated to 

emperatures around Tg under ambient pressure. 

.2. Mechanical properties 

Densities were determined by Archimedes’ principle of buoy- 

ncy. That is, polished glasses were cut into regular crack-free 

ieces with a total mass of ∼1 g. The mass of the glasses was 

easured in air ( mair ) and when submerged in anhydrous ethanol 

 msub ). Based on the density of ethanol ( ρEtOH = 0.7871 g cm–3 ), 

his yields the glass density as, 

= ρEtOH mair 

mair − msub 

. (1) 

The elastic moduli were determined by measuring the sound 

elocities using ultrasonic echography with an Olympus 38DL Plus 

evice. Polished glass sheets ( ∼1 mm in thickness) were applied 

o a longitudinal or transversal ultrasonic wave packet, and the 

ouncing of the wavepacket on the back of the sample provided 

n echo that was recorded. This echo is directly related to the lon- 

itudinal and transversal speeds of sound ( vL and vT , respectively) 

ased on knowledge of the sample thickness. The measured den- 

ity and sound speeds were then used to calculate Young’s ( E ), 

hear ( G ), and bulk ( B ) moduli as well as the Poisson’s ratio ( ν)

34] , 

 = 2 G( 1 + υ) , (2) 

 = v2 
T ρ, (3) 

 = E 

3( 1 − 2 υ) 
, (4) 

= v2 
L − 2 v2 

T 

2
(
v2 

L 
− v2 

T 

) . (5) 

Vicker’s hardness (HV) was determined by micro-indentation 

sing a Struers Duramin 40 indenter equipped with a diamond tip 

f the Vicker’s geometry. The measurements were performed at 

mbient conditions. Five imprints in each glass were made using 

 force ( P ) of 100 gf (0.98 N) and a holding period of 10 s. HV was
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Fig. 1. Densities of 10Na2 O-90GeO2 (red circles) and 20Na2 O-80GeO2 (blue trian- 

gles) glasses upon hot compression at 0, 0.5, 1.0, and 2.0 GPa. Error bars are smaller 

than the size of the symbols. The intensity of the color describes the pressure (most 

pale: 0 GPa; most intense: 2.0 GPa). 
hen evaluated by measuring the diagonal lengths of the obtained 

mprints ( d ) as, 

V = 1 . 854
P 

d2 
. (6) 

.3. Structural characterization 

Micro-Raman spectra were recorded with a diode laser of 

32 nm wavelength equipped on a Renishaw Invia spectroscope. 

pectra were normalized by the maximum intensity. 

X-ray total scattering experiments were performed at the P02.1 

eamline at the Deutsches Elektronen Synchrotron (DESY) in Ham- 

urg, Germany with λ = 0.207 Å. Prior to beamtime, samples 

ere crushed in a mortar, packed in polyimide (Kapton) capillar- 

es, and sealed using plasticine. The scattering from an empty Kap- 

on capillary was used for background subtraction. Scattering pat- 

erns were acquired up to Q ∼20 Å–1 using a measurement time 

f 5 min. The pattern of an empty Kapton capillary was measured 

nd used as background subtraction. Subsequent data treatments 

ere performed in PDFGetX2 [35] using a procedure described in 

ef. [36] to obtain the structure factor, S ( Q ), and radial distribution

unction, G ( r ). 

Time-of-flight neutron total scattering experiments were per- 

ormed at the NOMAD diffractometer at the Spallation Neutron 

ource (SNS) at Oak Ridge National Lab. Samples were loaded 

bout 2 cm high ( ∼200 mg) into quartz capillaries with an inner 

iameter of 2.8 mm and an outer diameter of 3 mm. Measure- 

ents were conducted for an accelerator proton charge—a proxy 

or the number of neutrons entering the instrument—of 3 C, cor- 

esponding to a measuring time of about 34 min at the time of 

he experiment. Data were processed by autoNOM, a collection 

f Python and IDL programs specifically developed for NOMAD. A 

ore comprehensive description of data treatment can be found in 

efs. [ 36 , 37 ]. 

.4. Molecular dynamics simulations 

The Vienna Ab initio Simulation Package (VASP) was used to 

erform AIMD simulations of the studied germanate glasses us- 

ng the PBEsol pseudopotential and a timestep of 2 fs. Specifically, 

or each composition, a starting configuration was made based on 

n archetypical sodium silicate glass of equivalent composition by 

lacing atoms randomly in the simulation box and then perform- 

ng geometrical optimization using a classical potential [38] . While 

his procedure did not result in any meaningful structures, it re- 

oved the most unphysical structural groups obtained from the 

andom placement of atoms. Next, the density was set according 

o the experimental densities of the glasses hot compressed at 0, 

.5, 1.0, and 2.0 GPa before structural optimization in the NVT en- 

emble using an energy cutoff of 400 eV and a convergence crite- 

ion of 10–1 eV. Next, dynamics were initiated at 40 0 0 K for 5 ps.

hen the temperature was instantaneously decreased to 30 0 0 K 

nd the energy cutoff and convergence criteria were set to 600 eV 

nd 10–5 eV, respectively. Dynamics were then run for 2 ps in the 

VT ensemble. Afterwards, cooling was initiated by first cooling to 

0 0 0 K at 200 K ps–1 before quenching to 300 K at 1000 K ps–1 .

he structure was finally relaxed for 1 ps before seeing structural 

inimization. Densities were in all simulation steps mimicking the 

xperimental values (i.e., volume was fixed in the NVT ensemble). 

hree quenches of each composition-pressure combination were 

erformed to obtain an adequate amount of independent data sets. 

.5. Reverse Monte Carlo modelling 

Since the AIMD simulations only feature 240 atoms, the pos- 

ibilities for reproducing meaningful MRO structures are severely 
56
onstrained. To overcome this and enhance the obtained structural 

odels, especially at the MRO scale, we performed reverse Monte 

arlo (RMC) modelling on larger structures using the RMC_POT 

oftware package [39] . Specifically, cells obtained from AIMD were 

eplicated (3 × 3 × 3, 6480 atoms) and used as starting structures 

or the subsequent RMC optimization. We optimized the struc- 

ures based on the experimental total X-ray and neutron scatter- 

ng data as well as the short-range partial radial distribution func- 

ions (RDFs) of the pairs of NaNa, NaGe, NaO, and OO. The latter 

ere obtained from the AIMD simulations and included for fitting 

n the 0–7 Å range, while the reciprocal space functions were fit- 

ed to their highest Q limits (19 and 47 Å–1 for X-ray and neutron 

otal scattering data, respectively). This procedure was performed 

o ensure meaningful local structuring of especially Na-correlations 

hich are otherwise of very low weight in the total X-ray and neu- 

ron scattering data. Furthermore, we provided a large penalty in 

he RMC optimization for the system when the RMC steps intro- 

uced 3-fold coordinated Ge, which effectively restricted the co- 

rdination number of Ge to be ≥ 4. Optimizations were run for 

23 h on an 8-core CPU system. The obtained structures were sub- 

equently studied by in-house written code as well as the R.I.N.G.S. 

oftware package [40] . The latter was used to quantify the ring size 

istributions using the primitive rings definition [40] . 

. Results and discussion 

.1. Mechanical properties 

Similarly, to other glass series [41–43] , the hot compression 

reatment of the two sodium germanate glasses (10Na2 O-90GeO2 

nd 20Na2 O-80GeO2 ) induces significant volumetric compaction, 

s observed from the density variation with pressure in Fig. 1 . That 

s, we find a nearly linear increase in density with increasing hot 

ompression pressure. The slope of the density vs. pressure pro- 

ides the so-called plastic compressibility ( β = V–1 d V d P–1 , where 

 is volume and P is pressure) which is a relative measure of how 

uch the glass compacts per unit pressure. For both studied ger- 

anate glasses (10Na2 O-90GeO2 and 20Na2 O-80GeO2 ), we find β
0.025 GPa–1 , which is in the same range as that of other oxide 

lass compositions, e.g., in the aluminosilicate family [ 14 , 44 ]. 

The measured longitudinal and transversal sound velocities (Fig. 

1 in Supporting Information) are then combined with the density 

ata to estimate the elastic moduli ( Fig. 2 ). Young’s and bulk mod- 

li ( Fig. 2 (a, b)) feature a common tendency of increasing modu- 

us with increasing hot compression pressure, but with a signif- 
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Fig. 2. (a) Young’s, (b) shear, and (c) bulk moduli as well as (d) Poisson’s ratio of 10Na2 O-90GeO2 (red circles) and 20Na2 O-80GeO2 (blue triangles) upon hot compression 

at 0, 0.5, 1.0, and 2.0 GPa. The intensity of the color describes the pressure (most pale: 0 GPa; most intense: 2.0 GPa). 
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cantly smaller change in Young’s modulus per unit pressure at 

igher pressures. This trend of increasing modulus with increas- 

ng pressure has previously been observed in numerous oxide glass 

ystems [ 15 , 44–46 ] and may be primarily ascribed to the general

ncrease in atomic packing density [47] . We also tested the Vicker’s 

ardness of the glasses (Fig. S2), finding a similar increase with in- 

reasing pressure due to the higher number of bond constraints 

er unit of volume in the densified glasses. 

Shear modulus ( Fig. 2 (c)) shows an interesting non-monotonic 

rend, with an initial increase in modulus in the 0–1 GPa pressure 

ange, but then a slight decrease in modulus in the 1–2 GPa pres- 

ure range. This “anomalous” behavior stands in stark contrast to 

he common observation of monotonically increasing elastic mod- 

li with increasing density [47] . Interestingly, pure SiO2 glass also 

eatures pressure anomalies with known decreases of both bulk 

nd shear moduli upon in situ cold compression [ 20 , 4 8 , 4 9 ]. This

ecrease in the case of SiO2 is, however, initiated upon pressure 

hanges already at ambient pressure and has its extrema (mini- 

um) around 2 GPa. The structural origin is commonly associated 

ith conformational changes of small rings (containing around six 

i atoms), related to the ring structures found in crystalline α- 

nd β-cristabolite [20] . The fact that we only observe the non- 

onotonic trend in the case of shear modulus in the studied ger- 

anate glasses is thus especially interesting. Lastly, Poisson’s ra- 

io ( Fig. 2 (d)) shows another unusual non-linear behavior, with a 

ignificant increase with pressure, most pronounced at the highest 

ressures. Notably, the 20Na2 O-80GeO2 glass exhibits an increase 

n Poisson’s ratio of ∼20 % upon treatment at 2 GPa compared 

o the initial state, which is a larger increase compared to that of 

ost other oxide glasses [ 14 , 44 , 50 ]. 
57
.2. Experimental structure characterization 

To understand the structural origins of these changes in me- 

hanics upon hot compression of the 10Na2 O-90GeO2 and 20Na2 O- 

0GeO2 glasses, we have used a variety of structural characteriza- 

ion. Starting with Raman spectroscopy (results presented in Fig. 

3), we find only minor changes in the spectra with increasing 

ressure, likely associated with slight changes in the asymmetric 

tretching vibrations within the Ge-polyhedra [51] and mainly for 

he 20Na2 O-80GeO2 glasses in the band at ∼870 cm–1 . 

We therefore focus on the X-ray and neutron total scattering 

 Qmax of ∼20 Å–1 and ∼45 Å–1 for X-ray and neutron, respectively) 

ata collected at the Petra III synchrotron and Spallation Neutron 

ource at Oak Ridge National Lab, respectively. We note that the X- 

ay and neutron experiments provide complementary information, 

et with some differences due to the X-ray and neutron scattering 

engths. For the present samples this means that atomic correla- 

ions from Ge provide significantly higher intensities in the X-ray 

s compared to the neutron data (see also the discussion below). 

he measured scattering data provide the reciprocal space struc- 

ure factor, F ( Q ) = ( S ( Q )–1) Q , and can be used to deduce further

nformation about the glass structure. The low- Q region of F ( Q ) is

resented in Fig. 3 , where stronger color represents increasing hot 

ompression pressure in each plot. The full Q -range is presented 

n Fig. S4. We find no major change across the full Q -range with 

ressure for neither X-ray nor neutron scattering data. However, 

onsidering the low- Q region ( Fig. 3 (a)), minor changes are no- 

able for both glass compositions. It is generally agreed that the 

ow- Q features are related to the MRO glass structure [ 52 , 53 ] and

hat pressurization generally causes shifts to higher Q values. This 
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Fig. 3. (a) X-ray and (b) neutron structure factor F ( Q ) of 10Na2 O-90GeO2 (red curves) and 20Na2 O-80GeO2 (blue curves) upon hot compression at 0, 0.5, 1.0, and 2.0 GPa of 

N2 gas pressure. The intensity of the color describes the pressure (most pale: 0 GPa; most intense: 2.0 GPa). 
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Fig. 4. Cumulative Ge coordination number for all 10Na2 O-90GeO2 (red curves) and 

20Na2 O-80GeO2 (blue curves) glasses prepared under four different hot compres- 

sion pressures (0, 0.5, 1.0, and 2.0 GPa). The intensity of the color describes the 

pressure (most pale: 0 GPa; most intense: 2.0 GPa). 
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Table 1 

Average Ge coordination numbers as calculated from the neutron scattering data at 

a separation of 2.2 Å. Previous estimates of the average coordination for the two 

ambient glasses (from Ref. [60] ) are presented in brackets. 

0 GPa 0.5 GPa 1.0 GPa 2.0 GPa 

10Na2 O-90GeO2 4.21 (4.25) 4.21 4.19 4.23 

20Na2 O-80GeO2 4.49 (4.44) 4.55 4.59 4.68 
s because the position of the first sharp diffraction peak (FSDP), 

.e., the peak at the lowest Q -value, is argued to be proportional to 

1 = 2 πd–1 , where d is interplanar spacing [52–54] . A notable ex- 

eption is the 20Na2 O-80GeO2 data in Fig. 3 (a). Taken as a whole, 

hese findings suggest that the observed densification ( Fig. 1 ) is 

ainly governed by MRO structural changes, yet some MRO struc- 

ural features move further apart upon pressurization. This MRO 

ependence is partly in contrast to observation for other network- 

orming species with more than one available coordination state, 

.g., B and Al. Although not accounting for the complete volumet- 

ic densification, these species show a pronounced increase in their 

oordination number (i.e., short-range order structure as obtained 

rom both scattering and NMR) upon hot compression at 1–2 GPa 

 17 , 45 , 55 ] in addition to changes in medium-range structural or-

ering [56] . 

The X-ray data suffers from how X-ray atomic scattering factors 

ave a strong Q -dependence, often making it difficult to extract co- 

rdination numbers from X-ray data, including from the present 

ata. However, the neutron data has constant scattering factors 

57] and thus offers the opportunity to easier extract Ge coordina- 

ion numbers. This is done through the radial distribution function 

 g ( r ), see Fig. S5 for a variant of the RDF given by G ( r ) = [ g ( r )–

]4 π r ρ0 ) [ 58 , 59 ]. Assuming that all contributions of the first peak

maximum at ∼1.9 Å) are due to the Ge–O correlation, the cumu- 

ative oxygen coordination number of Ge can be estimated as, 

N ( r) = 4 πρ0 cO 

r ∫ 
0 

(
r’ 
)2 

gGeO ( r) d r’ , (7) 

here, 

GeO ( r) =
g( r) 

(∑ 

i ci bi 

)2 

2 bO bGe cO cGe 

. (8) 

ere, ρ0 is the atomic number density, ci is the fraction of the 

 th atom in the system, bi is the neutron scattering length of the 

 th atom in the system, r is the atomic separation, gGeO is the ra-

ial distribution function, and g ( r ) is the total radial distribution 

unction. We note that this equation is only valid if g ( r ) only fea-

ures contributions from the Ge–O correlation, but this is a good 

ssumption up until at least the minimum between the first two 

eaks ( ∼2.2 Å). The calculated cumulative oxygen coordination 

round Ge is shown in Fig. 4 . The 10Na2 O-90GeO2 glasses exhibit 

ractically constant Ge–O coordination, while the 20Na2 O-80GeO2 

lasses show a slight increase in Ge–O coordination with pressure. 

his is similar to the case of silicate glasses [61] , but in contrast
58
o observations from B and Al-containing glasses at similar pres- 

ures, with pronounced coordination changes observed at pres- 

ures of few GPa [ 16 , 42 , 62–65 ]. Similarly, the observed pressure-

nduced coordination change is much lower than a previous esti- 

ation based on Raman spectroscopy of a molten Na2 Ge2 O5 �H2 O 

ystem compressed to ∼2.2 GPa, reporting a conversion of more 

han half of 4-fold coordinated Ge species to 6-fold coordinated 

e [66] —possibly due to either misinterpretation of the collected 

aman signal, a higher liability of CN change in the liquid, or due 

o the presence of water in the structure. The estimated Ge coordi- 

ation numbers of the present glasses are summarized in Table 1 , 

here those of the pristine glasses are compared to previous esti- 

ations from the literature. Overall, this analysis suggests that lo- 

al coordination number changes should only play a minor role in 
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Fig. 5. Examples of X-ray radial distribution functions of (a) 10Na2 O-90GeO2 and (b) 20Na2 O-80GeO2 glasses prepared under four different hot compression pressures (0, 

0.5, 1.0, and 2.0 GPa). (c) Difference plot ( 	G ( r )) of the radial distribution functions of the two studied sodium germanate glasses as subtracted by the RDF at 0 GPa with 

data of the 20Na2 O-80GeO2 glasses shifted by + 1. The intensity of the color describes the pressure (most pale: 0 GPa; most intense: 2.0 GPa). Arrows in panels (a, b) indicate 

changes with increasing pressure treatment. 
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ontrolling the observed changes in compaction and elastic moduli 

 Fig. 2 ). 

While the neutron scattering data offers reliable estimations of 

he average Ge CN, it provides a somewhat biased view of the 

tomic correlations depending on the neutron scattering lengths 

 bNa = 3.63 fm, bGe = 8.185 fm, bO = 5.803 fm). To achieve comple- 

entary information on the structural changes upon hot compres- 

ion, we therefore also consider the collected X-ray total scatter- 

ng data, because these scattering lengths are proportional to the 

umber of electrons of the element. That is, the intensity of the 

air-correlations including heavy elements is more intense in the 

-ray RDFs. For the present sodium germanate glasses, this is rele- 

ant because Ge ( Z = 32) is significantly heavier than O ( Z = 8) and

a ( Z = 11), i.e., correlations including Ge are significantly more in- 

ense in the X-ray RDFs as seen by the intense peak at ∼3.3 Å (due

o the Ge–Ge correlation) in Fig. 5 . Also notably, these data show 

ystematic changes with increasing pressure denoted by arrows in 

ig. 5 . Such changes are not found to the same extent in the neu-

ron RDFs (see Fig. S5), which only feature minor changes upon hot 

ompression. This suggests that it is mainly the Ge-correlations be- 

ond the short-range order structure that are affected by densifi- 

ation, i.e., the underlying base GeO2 network is more sensitive to 

ressure than the Na-related subnetwork. 

We also plot the difference between the ambient case and 

ressure-treated cases in Fig. 5 (c) using a difference function (i.e., 

he RDF of densified glass is subtracted by that of the 0 GPa glass).
59
e find that the main changes occur in three distinct regions, 

amely: (I) Ge–O correlation, which shifts to higher r -values, indi- 

ating minor or no increasing coordination (in agreement with the 

eutron data, see Fig. 4 ); (II) Ge–Ge correlation, which also shifts 

o higher r and becomes more dominant, indicating changes in 

he inter-polyhedral packing with Ge-polyhedra correlations mov- 

ng further apart; and (III) medium-range order structures, likely 

ssociated with, e.g., ring-type structure packing. We furthermore 

how various zooms of Fig. 5 (a, b) in Fig. S6. 

.3. RMC optimized atomic configurations 

To gain more insights into the details of the structural com- 

action mechanism in sodium germanate glasses, we follow a com- 

utational approach. First, we have prepared both 10Na2 O-90GeO2 

nd 20Na2 O-80GeO2 glasses at four different levels of densifica- 

ion (similar to the experiments) using AIMD simulations in VASP. 

hree repetitions for each combination of composition and pres- 

ure were prepared, giving a total of 24 independent simulations. 

e mimic the densification experiments by fixing the volume of 

ach case to the measured experimental density of the glasses (as 

resented in Fig. 1 ). Comparing the obtained structures with the 

xperimental scattering data (Fig. S7), we find overall good agree- 

ent between simulations and experiments, especially for the high 

 -range (short-range order structure), yet with some differences at 

ery low Q -range features (medium-range order). To address this 
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Fig. 6. Comparison of measured (a) X-ray and (b) neutron structure factors ( S ( Q )) calculated from RMC structures (black curve) and experiments (red curve) for all studied 

10Na2 O-90GeO2 glasses. 
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ssue, we use the AIMD data together with the experimental den- 

ities and X-ray and neutron total scattering data as input for RMC 

ptimization. In detail, we replicate the final structure from the 

IMD simulations into 3 × 3 × 3 supercells, followed by RMC op- 

imization using a cost-function composed of weights from (1) es- 

imated Ge–O coordination numbers ( Table 1 ); (2) the fitting to 

artial short-range RDFs for all pair correlations from AIMD sim- 

lations; and (3) experimental X-ray and neutron total structure 

actors. Furthermore, we have included a significant penalty to the 

ost function if/when the RMC optimization introduces three-fold 

oordinated Ge to solely allow for Ge–O coordination states of ≥ 4 

n the final structures. 

Using these RMC-optimized structures for the 24 different glass 

amples (two compositions, four densities, three repetitions), we 

nd very good agreement with the experimental X-ray and neu- 

ron structure factors ( Figs. 6 and S8). For example, data for the 

mbient pressure 10Na2 O-90GeO2 glass is found in Fig. 6 (a, b) for 

-ray and neutron scattering, respectively. This suggests that these 

tomistic models provide excellent structural descriptions of the 

lkali germanate structures, offering an opportunity for probing the 

istribution of coordination numbers of Ge in the studied glasses –

omething which is otherwise very challenging for Ge. By extract- 

ng the coordination environments of Ge–O from the RMC struc- 

ures, we find that it closely matches that of the experimental av- 

rage Ge coordination (as expected given that the RMC structures 

ere fitted against this parameter). In detail, we find a distribution 

f coordination states (Ge–O coordination of 4–6, as illustrated and 

iscussed in more detail below), yet with a clear prevalence for 

he 4- and 5-fold coordinated states ( ∼55 %–80 % and ∼20 %–40 % 

f the total Ge, respectively), leaving the 6-fold coordinated state 

s a minority ( ∼1 %–5 %). These findings parallel those found for 

he compressed base network GeO2 glass, where 5-fold Ge is ob- 

iously present [67] and 6-fold are minority sites up to 22 GPa 

68] . The highest fractions of 5- and 6-fold coordinated species 

re found in the 20Na2 O-80GeO2 glasses, as expected consider- 

ng their higher average coordination number ( Fig. 4 ). Given the 

nown cases of both 5- and 6-coordinated Ge in crystalline ger- 

anate species [ 69 , 70 ], the suggested distribution among all three 

oordination states seems meaningful, also when considering how, 

.g., also the CN of Si in alkali silicates can be 4–6 at high pres-

ures [71] . We also probed the coordination states of oxygens (Ta- 

les S1 and S2) to find somewhat constant fractions (mostly less 

han 1 % change upon pressure treatment) of non-bridging, bridg- 

ng, and even some tricluster oxygens upon the different pressure 

reatments. The presence of the three coordination states of Ge (4–
60
), as well as the different oxygen species (non-bridging, bridging, 

nd tricluster), agree well with the results in a previous simulation 

tudy on 2Na2 O-9GeO2 glass [72] . 

In addition to the scattering functions and coordination states, 

he obtained RMC structures allow for more detailed atomistic 

haracterization such as the bond-angle distribution of both the 

ntra-polyhedral O–Ge–O angles ( Fig. 7 (a)) as well as the inter- 

olyhedral Ge–O–Ge angles ( Fig. 7 (b)). Fig. 7 (a) shows that the O–

e–O angles vary from ∼60 ° and up to ∼180 °, yet with a clear 

bundance of angles in the range of 80 °–120 °. This demonstrates 

he variation of the polyhedral coordination with an abundance of 

he ideal tetrahedron configuration ( ∼109 °), but also with distinct 

ve- and six-fold coordinated environments (which involve specific 

ngles of 90 °, 120 °, and 180 °). Interestingly, a feature around 60 ° is

lso identified, which is attributed to species of edge-sharing poly- 

edra, which have also previously been identified in a simulation 

tudy of a 2Na2 O-9GeO2 glass [72] . Now, increasing the pressure 

auses the O–Ge–O angles to move to slighter lower values, which 

s likely associated with a slight increase in coordination number. 

or the angles at ∼60 °, there seems to be a slight decrease in in-

ensity with increasing pressure, suggesting a decrease in the edge- 

haring species with increasing pressure, possibly associated with 

he slight increase in the overall Ge coordination. We note that 

uch edge-sharing motifs are absent in pure GeO2 glass, which is 

 completely tetrahedral network, but they appear once the Ge co- 

rdination increases upon Na addition. The presence of the edge- 

haring motifs is independently confirmed by the observation that 

he typical Ge–Ge correlating distance in the corresponding par- 

ial pair correlation function matches well with that of other edge- 

haring species in Ge chalcogenides [73] . 

These observations are supported by the results from the Ge–

–Ge angles ( Fig. 7 (b)), where a broad distribution is found in the 

ange of 100 °–180 °, somewhat in contrast to the narrower dis- 

ribution observed in pure GeO2 glass [74] . This difference may 

e because pure GeO2 only features tetrahedral Ge while the 

resent sodium germanates feature a range of different coordina- 

ion species. The latter originates mainly from the bridging oxygen 

pecies connecting Ge polyhedra through corner-sharing polyhe- 

ra. However, again there seems to be a lower-angle shoulder peak 

at ∼80 °–100 °), which we ascribe to the edge-sharing species. Like 

he case of the O–Ge–O angles, the intensity of this shoulder peak 

lightly decreases with increasing pressure, again pointing towards 

ewer edge-sharing species with increasing pressure. 

The available RMC-optimized structures allow for complete de- 

uction of the degree of edge-sharing. Notably, we quantify the 
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Fig. 7. Bond angle distributions of (a) O–Ge–O and (b) Ge–O–Ge obtained from the RMC optimized structures of 10Na2 O-90GeO2 (red curves) and 20Na2 O-80GeO2 (blue 

curves) glasses upon hot compression at 0, 0.5, 1.0, and 2.0 GPa. The intensity of the color describes the pressure (most pale: 0 GPa; most intense: 2.0 GPa). (c) Overview of 

structural origins of different bond angles of the O–Ge–O and Ge–O–Ge bond angle distributions. 
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mount of edge- and corner-sharing polyhedra in Tables S3 and 

4, finding a decrease of edge-sharing upon increasing pressure 

ith total changes on a scale of 2 %–3 % with a larger effect

or the 20Na2 O-80GeO2 glass (drop from ∼13 % to ∼11 % of 

dge-sharing species). Further experimental support for the edge- 

haring interpretation is found in the X-ray RDFs ( Fig. 5 and zooms 

ound in Fig. S6), showing an increase in the correlation length 

or the peak around 3.15 Å (stemming from the Ge–Ge correla- 

ions) with pressure, as caused by the partial separation of the 

dge-sharing species into corner-sharing. We note that crystalline 

odium enneagermanate (Na4 Ge9 O20 ) is well-known for featuring 

table edge-sharing Ge-polyhedra while being obtainable by crys- 

allization from glassy sodium germanate [70] . Other crystalline al- 

ali germanates are also known to feature edge-sharing [75] . Fi- 

ally, the pressurized GeO2 network former also displays an in- 

reasing population of edge-sharing motifs upon compression as 

ore and more 5-fold Ge emerge [68] . 

The edge-sharing of polyhedra represents the simplest case of 

n ABAB ring-type structure (here –Ge–O–Ge–O–). To quantify this 

s well as the fractions of larger ring-type structures, we compute 

he ring size distributions (see Methods). The results of this analy- 

is are shown in Fig. 8 . We find that the extent of edge-sharing

i.e., the ring size with two Ge atoms in Fig. 8 as well as Ta-

les S3 and S4) indeed decreases with increasing pressure for both 

lass compositions, thus in agreement with the bond-angle distri- 

ution analysis in Fig. 7 . However, the ring analysis also provides 

nformation on much larger rings (with up to 11 Ge atoms). No- 

ably, the 10Na O-90GeO glass features larger rings compared to 
2 2 

61
he 20Na2 O-80GeO2 glass. Specifically, while the 10Na2 O-90GeO2 

lass mainly features rings with a size of 5–6 Ge atoms, the 

0Na2 O-80GeO2 glass has smaller rings (with 3–4 Ge atoms). Both 

he studied compositions, however, feature rings in the same size 

ange (2–10 Ge atoms). Considering next the pressure dependence 

f the ring size distribution, we find again that increasing pres- 

ure leads to a shift towards smaller rings, especially in the range 

f ring sizes of 6–10 Ge atoms. In contrast, the fraction of smaller 

ings (3–5 Ge atoms) does not change significantly with the pres- 

ure treatment. While the ring size distribution is a fundamental 

ool to understand what governs the structural changes beyond the 

hort-range order, it only counts the length of rings, but provides 

o information about the ring shape. We note that the latter has 

ecently been found to be important for glass properties [76] . 

To evaluate the ring topology, we start by fitting a plane to the 

tom positions of each ring and then evaluate the planarity of the 

ing by computing the average distance of each atom to the fit- 

ed plane. This analysis shows a general trend of increasing dis- 

ances from the plane with the ring size (from ∼0.1 Å to ∼0.8 

or ring sizes from 2 to 10 Ge, respectively), yet with no signif- 

cant pressure dependence (Fig. S9(a)). Next, we fit an ellipse to 

ach ring structure identified by RINGS to obtain information on 

he best fit of the semi-minor ( b ) and semi-major axis ( a ) dis-

ances, i.e., the distances from the center of the ellipse to the clos- 

st and most distance point on the ellipse (see schematic drawing 

n Fig. 9 ). From these two distances, we calculate the average ring 

adius (( a + b )/2), which increases with increasing ring size (Fig. 

9(b)). Finally, from the minor- and major axis distances, we also 
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Fig. 8. Ring size distribution of the 10Na2 O-90GeO2 (red curves) and 20Na2 O- 

80GeO2 (blue curves) glasses upon hot compression at 0, 0.5, 1.0, and 2.0 GPa. 

The intensity of the color describes the pressure (most pale: 0 GPa; most intense: 

2.0 GPa). An example of the involved ring-type structures is shown as an inset. 
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Fig. 10. Schematic illustration of the proposed structural densification mechanisms 

of the studied sodium germanate glasses upon hot compression treatment. 
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alculate the so-called ring eccentricity ( ε), 

 =
√ 

1 − b2 

a2 
. (9) 

The eccentricity of a perfect circle will be 0, while an ellipse 

ill exhibit 0 < ε < 1, with higher ε values corresponding to more 

istorted ellipses. 

The calculated ring eccentricity for the studied 10Na2 O-90GeO2 

nd 20Na2 O-80GeO2 glasses at the four different pressures is 

hown in Fig. 9 (a). For the smallest rings, we find relatively large 

ccentricity, likely because the edge-sharing rings feature signifi- 
ig. 9. (a) Eccentricity ( ε , if circular: ε = 0; if elliptical: 0 < ε < 1) for RMC optimized st

t 0, 0.5, 1.0, and 2.0 GPa of N2 gas pressure. Stronger color indicates higher pressure in t

62
ant differences in the size of the included atoms, creating rather 

istorted ellipses. However, for larger rings ( ≥ 3 Ge atoms), we 

enerally find an increasing eccentricity with increasing ring size 

or both glass compositions (see the example of increasing eccen- 

ricity in Fig. 9 (b)). This is because perfect circular fits are less 

ikely with the increasing complexity introduced by the increas- 

ng number of atoms. In contrast to the above analysis from plane 

nd ellipse fitting (Fig. S9), the eccentricity systematically increases 

ith increasing pressure ( Fig. 9 (a)). This suggests that rings with 

4 Ge atoms become more distorted (elongated) with increasing 

ressure for both glass compositions. 

.4. Structural densification mechanism 

Since we have found that the Ge CN is relatively unaffected by 

he hot compression treatment ( Table 1 ), we ascribe the volumetric 

ensification of both sodium germanate glasses to a combination 

f (1) polyhedra featuring less edge- and more corner-sharing with 

ncreasing pressure; and (2) decrease in ring sizes with increased 

ressure; and (3) elongation of rings towards being more elliptical 

pon hot compression. We summarized these structural effects in 

ig. 10 . 

Such structural compaction mechanisms including decreasing 

ing sizes and distortion of ring shapes are comparable to obser- 

ations in other oxide glasses, e.g., pure SiO2 glass which exhibits 
ructures of (red) 10Na2 O-90GeO2 and (blue) 20Na2 O-80GeO2 after hot compression 

he range of 0 to 2 GPa. (b) A sketch of increasing eccentricity. 
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ignificant ring-type changes with pressure increase [20] . This in- 

ludes, e.g., zipping of rings [77] , where larger rings upon com- 

action “divide” into two sub-rings, likely explaining our ring size 

ecrease and the presence of some tricluster oxygens (Tables S1 

nd S2). However, the observed mechanism of partial transforma- 

ion from edge- to corner-sharing differs from that of many other 

xide glasses. For example, pure SiO2 glass is generally tetrahedral 

nd corner-sharing at ambient conditions but undergoes a transi- 

ion from corner- to edge-sharing upon a significant pressure in- 

rease ( > 10 GPa) significantly below the glass transition [78] . Sim- 

larly, pure GeO2 glass tends to feature edge-sharing only after 

igh-pressure/high-temperature treatment [ 79 , 80 ]. However, we 

ote that crystalline sodium enneagermanate has a significant frac- 

ion of edge-sharing between Ge-polyhedra [70] , likely explaining 

hy such species are indeed identified in our sodium germanate 

lass structures. Interestingly, we find the mechanism of edge- 

o corner-sharing to be more pronounced for the 20Na2 O-80GeO2 

lass compared to the 10Na2 O-90GeO2 glass (see Figs. 7 and 8 ), 

lbeit present in both systems. In turn, the 10Na2 O-90GeO2 glass 

eems to be slightly more affected by ring distortion compared to 

he 20Na2 O-80GeO2 glass ( Fig. 9 ). However, the overall compaction 

echanisms appear to be similar between the two studied sodium 

ermanate glass compositions. 

.5. Structure-property relations 

Finally, we attempt to connect the above structural information 

ith the elastic properties ( Fig. 2 ), especially the non-monotonic 

rend in shear modulus with pressure. Notably, unlike glassy SiO2 

hich features anomalous (decreasing) shear and bulk modulus for 

ven small increases in pressure, the present sodium germanates 

rst see an anomaly above ∼1 GPa, and only for the shear mod- 

lus ( Fig. 2 (c)), while the change in bulk modulus is monotonic 

 Fig. 2 (b)). This suggests that the inherent anomaly mechanisms 

etween pure SiO2 and the presently studied sodium germanate 

lasses are somewhat different. We note that up until 1 GPa of 

ot compression, both Young’s, bulk, and shear moduli increase, 

ikely mainly driven by the overall compaction of the structure 

hrough ring size decrease and elongation. This is the case for both 

f the studied sodium germanate compositions. Now, while it is 

ell-established that the anomaly in the case of glassy SiO2 is 

aused by a ring-conformation change (from β- to α-cristobalite 

onformations) [20] , we here suggest that the studied sodium ger- 

anates feature a slight decrease in shear modulus at > 1 GPa 

ue to the transformation of edge- to corner- sharing Ge polyhe- 

ra. The transition from edge- to corner-sharing allows for the ro- 

ation around the Ge–O–Ge bond axis in more polyhedra and a 

ignificant reduction in the resistance to shear deformation. This 

an be understood from a rigidity point-of-view [ 81 , 82 ], since 

he bond angles, especially for the bridging oxygens, in the edge- 

haring polyhedra are more constrained than those in the corner- 

haring case. Upon transforming the edge-sharing polyhedra into 

he corner-sharing ones at elevated pressure, the inter-polyhedral 

ngles feature fewer atomic constraints and thus allow for easier 

hear deformation, even though the overall structure densifies sig- 

ificantly. While mostly apparent for the shear modulus, this ef- 

ect also slightly affects Young’s modulus ( Fig. 2 (a)). As such, while 

e do also find the transformation of edge- to corner-sharing at 

ower pressure treatments (0–1 GPa, see Table S3), the mixture 

f different compaction mechanisms (ring size and ring confor- 

ity changes) and following increasing density likely hides this ef- 

ect on the shear modulus in the 0–1 GPa pressure range. To our 

nowledge, the edge- to corner-sharing transformation upon in- 

reasing pressure has not previously been observed in other oxide 

lasses and may thus provide a new way of tailoring glass proper- 

ies and understanding their structure-property relations. 
63
. Conclusions 

We have studied the response of two sodium germanate glasses 

10Na2 O-90GeO2 and 20Na2 O-80GeO2 ) to hot compression up to 

 GPa. We find that the structures densify with pressure and the 

lastic moduli also generally increase upon hot compression, al- 

hough notably the shear modulus slightly decreases for hot com- 

ression above 1 GPa. We investigate the structural origins through 

everse Monte Carlo optimization of the structures with input 

rom X-ray and neutron total scattering data as well as AIMD simu- 

ations, finding that the sodium germanates feature a combination 

f 4-, 5-, and 6-fold coordinated Ge species as well as a signifi- 

ant fraction of edge-sharing polyhedra. Interestingly, we find that 

pon hot compression, the fraction of edge-sharing decreases as 

hese units are partially substituted for corner-sharing polyhedra. 

e ascribe this structural transformation to be responsible for the 

nomalous (non-monotonic) pressure dependence of shear modu- 

us since the number of bond-angle constraints decreases with the 

ransformation from edge- to corner-sharing, despite the overall in- 

rease in density of the structure. Our work thus provides novel 

tructural insight to the sodium germanate glass family and sheds 

ew light on structure-property relations of oxide glasses in gen- 

ral. 
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