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The structural properties of two Ge-As-Se glass compositions (GejgAsigSegg and Gey Asy|Sesg) are investi-
gated from a combination of density functional based molecular dynamics simulations and neutron/X-ray scat-
tering experiments. We first focus on structural properties including structure factors, pair distribution functions,
angular distributions, coordination numbers, neighbor distributions and compare our results with the experimen-
tal data. Results leaves anticipated coordinations from the octet rule (Se’’, As’! and Ge!"') unchanged, and these
are contrasted with respect to glasses having the same average coordination number 7 such as binary AszgSe7q
and Ges3Seq7. The increase of (As,Ge) content induces a growth of ring structures that are dominated by edge-
sharing motifs (4-membered rings) having mostly heteropolar bonds, while As-As and As-Ge homopolar bonds
are clearly more favoured than Ge-Ge. These features signal that both topological (rings) and chemical (bonds)
features are different with respect to related binaries. The validity of the so-called vibrational isocoordination
rule stating that properties of multicomponent chalcogenides depend solely on 7 is checked, and results from
a vibrational analysis indicates that this rule is merely satisfied for the Se-rich composition. An inspection of
correlations via the Bhatia-Thornton formalism shows that topological ordering is not only different between
GejoAsoSesp and Gep Asp1Sesg, but also radically contrasts with respect to the isocoordinated binary glasses,

and displays an obvious reduced directional bonding.

I. INTRODUCTION

Chalcogenide glasses form a large variety of covalent sys-
tems that can be obtained from melt quenching. They offer
wide possibilities of optoelectronic applications ranging from
X-ray imaging, night-vision devices, infrared wave-guides or
data storage. On a more basic side, such glasses form inter-
esting model systems to test network effects such as topology
or rigidity on physico-chemical properties'.

In Ge-As-Se glasses, a reasonable assumption using the so-
called 8- rule (where A is the number of outer shell elec-
trons) permits to consider the structure as being made of two-
fold Se atoms (ns, = 2), while As and Ge are respectively
almost always 3- and 4-coordinated. Upon increasing Ge
and As content xg, and x4, the network average coordination
number 7 = 2+x4,+2x6, increases and represents an attractive
system variable that can be used to merge on a single rep-
resentation various joins belonging to compositional space.

For such systems, the presence of a possible "isocoordina-
tion" rule has been detected>*!, i.e. it has been observed that
properties will stay constant for all compositions having the
same 7. Examples showing this feature encompass the glass
transition temperature*, viscosity and related parameters>®,
hardness, and vibrational density of states (VDOS). For the
latter, its was shown that systems as different as As,Ses; and
Ge|5As30Sess show a similar VDOS in the transverse acoustic
region’.

Early numerical studies have attempted to check this rule
for vibrational properties and simulations on bond depleted
amorphous silicon have shown that this rule is not exact but
holds qualitatively well over a wide range of compositions and
local chemical correlations®. Conversely, the rule does not
seem to be fulfilled for densityg, and for other measurements
it has been recognized that chemical effects near the binary
edges (Ge-Se and As-Se) might dominate®. For the present
Ge-As-Se glasses, this poses the crucial question of the effect,



combined or not, of network topology via 7, and chemistry via
composition and preferential chemical bonding. It relates to
topological versus chemical ordering which have been care-
fully considered for certain chalcogenides'®!3, and have led
to the recognition of typical associated lengthscales.

Ge-As-Se glasses have received quite some attention due, in
part, to the fact that they display flexible to rigid transitions'.
The mean-field description of such transitions (i.e. Phillips-
Thorpe rigidity theory'>!°) is inspired by Maxwell elasticity
theory of macroscopic structures'’. At the molecular level,
stretching and bending interactions constrain the atomic net-
work and can be associated with mechanical constraints 7.
which are compared to the available degrees of freedom (3 in
3D). This analysis shows that glasses with a low connected-
ness containing a large fraction of 2-fold chalcogens (Se) are
flexible, whereas a network consisting of a large amount of
(Ge,As) atoms is intrinsically rigid. The locus of the transi-
tion is identified with the so-called Maxwell isostatic stabil-
ity criterion (i.e. n. = 3), corresponding to a network with
r =, = 2.40. Several experimental studies have shown that
anomalies do appear close to 7. in relaxation properties®!8.
For the particular join Ge,As,Sejgo—2r, With the assumed
coordination number following the 8-A( rule, it is easy to
check that the condition n, =3 or 7 = 2.4 is satisfied for
x=x,=13.3 %.

The structure of Ge-As-Se glasses has been investigated
by different authors?®2*, sometimes in relationship with
optical!®2=27 or relaxation properties'®!%27-3! - Among spe-
cific features, a dimensional change froma D =2to D =3
network is suggested® at 7 = 2.45, whereas nanoscale
phase separation® is expected to occur at large connected-
ness (¥ = 2.60). This is, however, contradicted from T,
measurements>*. A compositional window'? linked with flex-
ible to rigid transitions is found for 9.5 %< x <17.0 % in
Ge,As,Sejoo—2x that displays a near reversible character of
the glass transition with minimal changes in enthalpy together
with weak space-filling tendencies (minimum of molar vol-
ume).

Regarding simulation work, we are only aware of a re-
cent ab initio study on select compositions of Ge-As-Se
glasses® that were obtained from prepared Reverse Monte
Carlo (RMC) atomic configurations. Results indicated that
the assumption of the 8-A( rule for Ge-As and Se atoms was
incorrect and Se poor systems were found to contain signif-
icant homopolar and non Se bonding, together with short Se
chains.

Here, we present a combined study using density functional
based molecular dynamics simulations and neutron and X-ray
scattering experiments. The choice to target the compositions
GejoAspSego and GepjAsy Sesg is related with the purpose
of contrasting effects arising from topology from those driven
by chemistry. GejpAsjpSesp has a network mean coordina-
tion number of 7 = 2.3 and belongs to the flexible phase'*
where dominant topological effects are expected, i.e. chain
cross-linking of Se chains is supposed to drive the overall
network properties and a structure that is characterized by
a lack of preferential bonding and behaves as a random co-
valent network??. Conversely, GeAsyjSesg is a composi-

tion typical of a stressed-rigid phase having a large connectiv-
ity and where chemical disorder (homopolar bondings, nano-
scale phase separations) are supposed to dominate.

While a good agreement is obtained between theory and
experiment from neutron and X-ray scattering, results from
simulations indicate that the structure is dominated by Ge-Se,
As-Se and Se-Se bonds for Se-rich compositions whereas As-
As and As-Ge defect bondings occur at larger network con-
nectivity but leave average quantities (i.e. 7) globally com-
patible with expectations from the 8-A rule. The increase of
As and Ge content leads to a growth of ring structures that
are dominated by edge-sharing motifs (4-membered rings)
that contain only heteropolar bonds with the presence of ei-
ther two Ge atoms or one Ge and one As atom. In order to
probe the vibrational isocoordination rule and the claim of a
dominant topological character of such ternary networks, re-
sults on GejpAsigSegy and Gey Asy Sesg are contrasted with
previous calculations on As30Sero*0 (expected 7 = 2.30) and
Ges3Seq7°%37 (7 = 2.67). Although the isocoordination rule
might hold for 7 = 2.30 only, the comparison of ring statis-
tics clearly indicates that binary and ternary networks do not
exhibit the same topology at all. Finally, an inspection of
Bhatia-Thornton structure factors for all systems permits to
analyze topological and chemical ordering in these ternaries
which shows that the total structure factor is dominated by
number-number correlations Syy (k) characterizing topologi-
cal ordering, albeit these reveal a reduced contribution for the
principal peak (usually associated with directional bonding)
with respect to the reference binaries.

II. METHODS
A. First principles molecular dynamics

First principles molecular dynamics simulations (FPMD?>®)
using a canonical (NVT) ensemble were performed on
GejoAsipSego and Gepj AsySesg systems containing N = 249
atoms with the number of As, Ge and Se atoms fulfilling the
desired stoichiometry (e.g. Ng. = Nas =25 for GejpAsioSes).
A periodically repeated cubic cell was used, whose size
changes according to the number density po of the glasses'®
(Figure 1). We used density functional theory (DFT) in com-
bination with plane wave basis sets. The electronic scheme
used a BLYP functional®>*" within a generalized gradient ap-
proximation (GGA) for the exchange correlation energy. Pre-
vious investigations on the related binaries Ge-Se*'** and
As-Se** have shown that this electronic scheme improves
substantially the description of both short and intermediate-
range in the liquid and amorphous state with respect to ex-
periment (scattering). The electronic structure of the As-Ge-
Se liquids and glasses was described within DFT and evolved
self-consistently during the motion with valence electrons be-
ing treated explicitly, in conjunction with norm-conserving
pseudopotentials to account for core-valence interactions. The
wave functions were expanded at the I'-point of the supercell
and the energy cutoff was set at 20 Ry. Starting configurations
were taken from binary Ge-Se liquids*! and As atoms were



Figure 1: An example of an obtained amorphous GeyAsy;Sesg
system. Blue, white and red atoms represent Selenium, Germanium
and Arsenic atoms, respectively.

randomly inserted in order to meet the desired stoichiometry.

Loss of the memory of the initial configurations has been
achieved through preliminary runs at 2 000 K over 50 ps with
a time step of Ar = 0.12 fs and a fictitious mass of 1000 a.u.,
prior to equilibration at 1500 K, 1200 K, 900 K and 600 K,
each at 20-25 ps, and finally 300 K for 50 ps. Certain proper-
ties of the liquid state have been reported elsewhere'$.

B. Sample preparation

GepAs2Se76 and GeygAsyoSeg bulk glasses were synthe-
sized using the melt-quenched technique. A total of 10 g of
5N purity elements were placed in a quartz ampoule, evacu-
ated to 10~ Pa and then sealed. The ampoule was then placed
in a rocking furnace at 970°C at a heating rate of 1 °C/min,
and after reaching the target temperature, the rocking was
maintained at this temperature for 24 hours. In the next step,
the temperature was reduced to 700 °C with a cooling rate of
2°C/min, then the rocking was stopped for 1 hour and finally
the ampoules were quenched in cold water. The bulk glasses
in the ampoules were subsequently annealed for 3 hours at
about 20°C below the glass formation temperature to release
internal stress.

C. Neutron and X-ray scattering experiments

Neutron diffraction (ND) measurements were carried out at
the NOVA diffractometer of the 500 kW spallation neutron
source of J-PARC, Japan. Powder samples were filled into V-

Ni null scattering alloy containers with an outer diameter of
6.0 mm and a thickness of 0.1 mm was used for your experi-
ment. Each sample (i.e. slightly different in composition with
respect to FPMD, Ge1,As12Se76 and GeygAsyoSeqn) was mea-
sured for 6 hours. Raw data were corrected for empty instru-
ment background, scattering from the sample holder, multiple
scattering and absorption.

High energy X-ray diffraction (XRD) data were collected
on the Joint Engineering, Environmental and Processing (112-
JEEP) beamline*’ at Diamond Light Source Ltd., the United
Kingdom. The sample material was firstly ground and then
loaded into a thin-walled borosilicate capillary of 1.5 mm in
diameter. The capillary was illuminated by an X-ray beam of
the energy of 100.046 keV and the size of 0.5x0.5 mm? for
300 seconds. The diffracted X-rays were detected by a flat
type detector Pilatus 2M CdTe positioned at the distance of
236.6 mm from a sample in transmission geometry. The en-
ergy and geometry calibration*® together with the azimuthal
integration of 2D diffraction data into the reciprocal space
were performed using the DAWN software*”. Raw inten-
sity 1D curves were then corrected for the background scat-
tering (an empty capillary and air contributions), sample ab-
sorption, fluorescence and Compton scattering using standard
procedures to get only elastically scattered intensities from
a sample. Finally, the intensity curves were normalised apply-
ing the Faber-Ziman formalism®' to extract structure factors.

III. RESULTS

In Fig. 2 are represented the measured and calculated neu-
tron and X-ray total structure factors S(k). Note again that the
theoretical and experimental compositions are close but not
identical.

In the simulation, the total weighted structure factors are
derived using the partial correlations S, (k)

S(k) = <f>72 chcmfnfmsnm(k) (D

with :

(f) = Y cnfu = XGeSGe +Xasfas + (1 —XGe — xas) fse  (2)

where the f,, represent either the atomic form factors useful for
a comparison with XRD (fg. = 32, fas = 33, fse = 34) or the
neutron scattering lengths (fg, = 0.8185 fm, f4; = 0.658 fm,
fse = 0.797 fm) and ¢, represent the species concentration,
respectively. The partial correlations and total in Fourier space
have been evaluated either directly from the atomic positions
(gray curves, Fig. 2),

1 .
Spm(k) = — <Zzezk.(Ran)> 3)
N n m
or from a Fourier transform (black curves, Fig. 2) of the par-

tial pair correlation functions g, (r) :

sin(kr)
kr

Sum(k) =14 po /O " 4 {g,,m(r)— 1} dr (4)



Figure 2: Measured neutron (a) and X-ray (b) scattering structure
factor (red) of GejaAsi3Sess and GeygAsygSegy glasses, compared
to the corresponding calculated Syp(k) and Sxgp(k) using either
equ. (4) (black) or equ. (3) (gray). Positions of the principal peaks
at ki, kp and k3 = kpgpp are indicated.

where py is the system density. The comparison between the
calculated S(k) and measured total structure factor appears to
be very good as all peaks are reproduced in position and width,
albeit the intensity of the first principal peak at k; = 2.09 Al
(and secondary peak at k; = 3.61 A~! to a lesser extent) is
slightly underestimated in FPMD simulations. Even the be-
havior up to k ~20 A-1is reproduced and this becomes obvi-
ous once the interference function I(k) = k[S(k)— 1] is rep-
resented (Figure 3) as /(k) blows up the oscillations at large
scattering vector. The agreement at large k is, thus, an in-
dication that the short-range order of the Ge-As-Se networks
is correctly reproduced. Furthermore, a recent Gaussian de-
composition in Fourier space of S(k) has shown that features
beyond the principal peaks (PP) region (k >7 A=) are linked
with second-neighbor correlations®?2. In this respect, the small
contribution at ~7 A~ (barely visible on Fig. 2 but noticeable
on Fig. 3) is also reproduced from the simulation and provides
some confidence about the obtained structural models. Once
considered as a function of Se content, the structure factor
evolution exhibits an increased amplitude for the first sharp
diffraction peak (FSDP) observed at k3 = krpspp ~1.0 A~! for
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Figure 3: Measured neutron (a) and X-ray (b) interference function
I(k) (red) of GejpAs2Ser6 and GepoAsyoSegp glasses, compared to
the corresponding calculated Iyp(k) and Ixgp(k) using either equ.
(4) (black) or equ. (3) (gray).

e.g. GeyoAsyoSego (Fig. 2a). This feature is typical of cross-
linked glasses and compatible with results from a FSDP anal-
ysis of binary chalcogenides® which concluded that the am-
plitude of this peak increases with network mean coordination
r.

Partial correlations have been calculated from the obtained
trajectories using equ. (3) and (4). A typical decomposition is
represented in Fig. 4. and shows that S(k) is essentially made
of contributions arising from Ge-Se, As-Se and Se-Se Faber-
Ziman (FZ) correlations in Fourier space which will dominate
even for the largest composition (21 %, not shown), as one has
e.g. for XRD weights and x = 10 % (equ. (5)) and 21 % (equ.
(6)), respectively :

S(k) = 0.009(0)Scege +0.018(9)SGeas +0.153(2)Sgese (5)
+0.009(6)S a5 +0.158(1)Sasse +0.651(4)Ssese

S(k) =0.045(5)SGece +0.083(6)SGeas +0.282(1)Sgese (6)
+0.0431 (Z)SASAS +0.245 (4)SAsSe + 0-349<2)SSeSe

Most of the typical features are obviously dominated by the
Ssese (k) function with PPs at k, and k; as well as secondary
peaks at larger scattering vector k being detected for this par-
tial structure factor (5.8 A=, 8.5 A~!, Figure 4), including the
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Figure 4: Decomposition of the total S(k) of GejpAsjoSego (same as
Fig. 2b) into relevant weighted partials ¢, Cyn fr funSum (k) /(f)? : Se-
Se (red curve using equ. (4) and orange curve using equ. (3)), Ge-Se
(blue) and As-Se (green). The contribution of the other partials is
minimum and barely visible (black curves with S(k) <0.02).

small contribution at ~7 A~! that is usually the signature of
second-shell neighbors of rank N > ng,. However, the FSDP
arises essentially from Ge-Se correlations as we find a domi-
nant peak at kpspp in Sgese (k). One should note that all other
partials (Sgege (k), Sceas(k) and Sasas(k)), once appropriately
weighted, are found to be of about ~10-15% of the total only
(equs. (5) and (6)).

Once the partials S,,,, (k) of the two systems are being com-
pared (Fig. 5), one detects that the increase of the FSDP am-
plitude of the total S(k) acknowledged both from experiment
and simulations (Fig. 2) must be due to the increase of the cor-
responding peak in the Ge-Se partial, whereas it is absent in
As-Se, this partial Sqgs.(k) being furthermore not influenced
by the change in composition, in contrast with the two other
partials (Se-Se and Ge-Se) which exhibit obvious changes for
k <5 A. The superposition of the oscillations at large scatter-
ing vector k between both compounds is the indication that
the average short-range order (SRO) is not altered.

A. Real space properties
1. Pair correlations and bond distances

In Figure 6 are represented the total pair correlation func-
tions g(r) of both systems (thick black curves), together with
their weighted partial decomposition. For the chalcogen-
rich compound, the principal peak results from a near equiv-
alent contribution of Se-Se, Ge-Se and As-Se correlations
with slightly different bonds lengths (Table 1) as it is found
2.35-2.36 A for Ge-Se and Se-Se bonds (similarly to Ge-Se
glasses*) but 2.45 A for As-Se (2.47 A in As3Se70*). In
this range of distances, the contribution of other partials to
the total g(r) appears to be very small (As-As, As-Ge and
Ge-Ge) although the amplitude of corresponding peaks (Ta-
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Figure 5: Decomposition of the total S(k) of GejgAsjoSego (black)
and Gep1Asp|Sesg (red) into the main partials : Ge-Se, As-Se (+1),
and Se-Se (+2).

i-j Ge-Ge Ge-As Ge-Se As-As As-Se Se-Se
GejpAsioSeso 249 235 254 245 236
RM(C?22 239 245 235 239 239 235

GesjAsy Sess 255 246 236 251 244 236

Table I: Calculated first correlating distances d;; (A) compared to

data extracted from RMC simulations?2. The resolution for bond
distances is 0.05 A.

ble I) grows with decreasing Se content, i.e. Ge-Ge and
As-As are virtually absent for GejgAsigSegy (Fig. 6b) but
clearly visible for Ge,; Asy;Sess (see also snapshots, Fig. 6a).
The second-shell essentially arises from Se-Se correlations
(r ~3.8 A) which are found on the edges of the GeSey /; tetra-
hedra and the AsSe;/; pyramid. Indeed, it is easy to check
that the typical Se-Se distance involved with Ge atoms satis-
fies ng_Sg = \/8/3dce_se, i.e. for G821A821Sesg we find
dGe—se = 2.36 A (Table I) which leads to dg,_s, = 3.85 A, i.e.
identical to the one directly obtained from an inspection of
the calculated gs.—s.(r) (3.84 A). The value remains indepen-
dent of composition which is an indication that no tetrahedral
distorsion sets in with increasing cross-linking density>*.

We finally note that the calculated bond distances are com-
patible with earlier calculations from RMC?? for the select
GepAsipSegy composition, except for the As-As pair which
is however only present in small amounts (see below).

2. Coordination numbers

In Table I, we have calculated from the partial pair correla-
tion functions g, (r) the corresponding coordination number
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Figure 6: Decomposition of the total pair correlation function g(r)
of GejpAsipSego (a) and GeyjAsy Sesg (b) into relevant weighted
partials ¢, Comfufmgum(r)/{(f)? : Ge-Se (blue), As-Se (red), Se-Se
(brown), Ge-As (green), As-As (orange). Atomic snapshots repre-
sent only As (red) and Ge atoms (blue) and permit to highlight the
presence of As-As, As-Ge and Ge-Ge bonds.

Table II: Coordination numbers 7, of the two systems, compared
to reference systems AszpSe;g and GespSeyq. In brackets are given
values from random covalent networks.

GeoAsioSegy  GerjAsyiSess  AszpSezo?®  GessSeqr**

NGeGe (0.70) 0.08 0.25
NGeAs 0.16 (0.52) 0.35

NGeSe 3.84 (2.78) 3.37 3.55
nasas  0.08 (0.39) 0.65 0.07

NAsSe 2.68 (2.09) 1.97 2.94

nsese  1.17(1.39) 0.12 0.74 0.30
NGe 4.00 (4.00) 3.78 3.80
NAg 2.92 (3.00) 2.97 3.01

nse 1.98 (2.00) 2.03 2.00 2.08
7 2.28 (2.30) 2.59 (2.60) 2.30 2.64
Npm USING

Ny = 47tp0/0 rzgnm(r)dr

where r,, has been taken at the first minimum of the corre-
sponding partial pair correlation function (7, ~2.74 A) for
nearly all partials. It is noticeable that Se-related coordina-

tion numbers decrease from GejgAsigSego to GezjAsyiSesg,
given the reduction of Se content and the growing presence of
As-As and Ge-As bonds that also contribute to the decrease of
nGese and nygs.. The total coordination numbers remain nearly
constant, however. These have been calculated from :

Ny = N + Z Npm ®)
pFm

and, €.8., XselSeGe = XGeNGese- Results show that the atoms
follow, indeed, the 8-A( rule because Ge atoms have a coordi-
nation number of about 3.78-4.00, whereas As and Se atoms
have a coordination number that remains close to ngs = 3 and
nse = 2, respectively. The detail of bonding types on the cal-
culated statistics of species reveals the presence of defect co-
ordinated Ge atoms in Gez; Asy; Sesg (17.4 % Ge!' and 5.8 %
Ge!!, Table IIT) and 2-fold As atoms (16 % in GejgAsjoSeso
and 39.4 % in Gep| Asy;Sesg), both displaying the presence of
bonds with As or Ge atoms. Ge-Ge bonds appear to be un-
likely (ngege = 0.08, table II) so that AsGeSe; 2 species (013,
ie. 16.0 % in Gel()Asl()Sego, 23.1 % in G621A521Se58) or
AsyGeSe (022) are being preferred. These features indicate a
chemical ordering (i.e. preferential bonding) that appears to
be different with related binary glasses.

3. Bond angles

Figure 7 shows the calculated bond angle distributions
(BAD) for both systems. Chain segments Se-Se-Se are cen-
tred at about 100° (Fig. 7a) as in elemental selenium’>, the
BAD of Ge;Asy Sesg being not meaningful due to the near
absence of Se-Se-Se segments for this compound. Once Se
becomes a linkage between (As,Ge) atoms, the BAD remains
nearly centred at the same bond angle (100-110°) but with an
evolution that eventually reveals the signature of edge-sharing
(ES) structures (at 80° in Ge-Se-Ge, Fig. 7d) with a bimodal
distribution that is also found in binary Ge-Se glasses**. It
has to be remarked that Ge and As-centred BADs (Se-As-
Se and Se-Ge-Se) remain nearly unchanged with composition
(panel b and d), although one acknowledges for the former a
shoulder peak structure for GeyAsySesg (red curves) which
is also indicative of an increased presence of ES structures
that can be verified i) from the Ge-Se-Ge BAD (Fig. 7d)
and ii) from a ring analysis which shows a growing pres-
ence of 4-fold rings (see below). The Se-Ge-Se and Se-
As-Se distributions are peaked at 109° and 98°, respectively,
and reveal the tetrahedral geometry for Se-Ge-Se angles cen-
tred at O7 = arccos(—1/3) = 109° and the pyramidal geom-
etry for Se-As-Se angles, as also obtained from related bi-
nary systems**4. Concerning the latter, one acknowledges
for Gep1Asp1Sesg a small contribution close to 180° which
is an indication that the As-centred geometries might be also
found in defect octahedral sites as in other pnictide (Group V)
chalcogenides™®.

It is also instructive to investigate BADs having a homopo-
lar Ge-Ge or As-Se bond (broken curves in Figs. 7b and c).
The fraction of Ge-Ge bonds being very low (Table I), any
definite conclusion of the behavior of Ge-Ge-Se can hardly



Table III: Calculated fraction (%) of Ge and As having n Ge, m As and p Se neighbors.

nmp 004 013 022 003 012 002 200 101 102
Ge GeloAS]()Seg() 84.0 16.0
Gey1AsySesg 50.0 23.1 39 13.5 39 5.8
As Ge19As1oSeso 72.0 16.0 8.0
Gep1Asy Sesg 29.8 29.8 39 9.6 11.5
a‘ r tures have been detected in simulated As,Se; for which the
Se-Se-Se
presence of tetrahedral As was related to the presence of As-
As bonds®’.
| | | |
60 IV. DISCUSSION
I
b In early studies on the isocoordination rule>’-%4!, focus was
essentially made on the vibrational density of states and its
behavior with the average coordination number 7 for different
1 chalcogenide systems.
60
¢ g A. Vibrational density of states
/’,/ \\\\ In order to probe this rule from our obtained models, we
2 o [N NEFPEld have calculated the VDOS g(®) using the Fourier transform
6‘0 8‘0 1?0 1‘20 1?0 1?0 ‘ 180 of the velocity-velocity autocorrelation function:
d Ge-Se-Ge 1 N e
o) = v;i(t).v;(0) )dt 9
#0)= gz L, (00 ©
| | | 0 In Figure 8, we represent the VDOS for Ge,;Asy;Sess
60 80 100 120 140 160 180 (panel a) and GejgAsjpSesp (panel b) using equ. (9). For
‘ ‘ ‘ ‘ ‘ T the Se-poor composition (7 = 2.60), we can eventually com-
e As-Se-As ;
pare to the reported experimental spectrum of a close com-
position (GeazAsiaSeqs’). It is seen that the main features of
the VDOS are reproduced and consist in 1) a broad band be-
[ L — | tween 0 and 20 meV usually associated with bond-bending
60 80 100 120 140 160 180 motions’® and corresponding to the transverse acoustic (TA)
Angle (deg) region, ii) a second band at 20-25 meV that is slightly under-
) o estimated with respect to experiments (peak at 25 meV) and
Figure 7:  Calculated bond angle distributions of GejgAsjoSego

(black) and Ge, | Asy;Sesg (red). In panel b and ¢ are also represented
the Ge-Ge-Se and As-As-Se bond angles distributions, respectively
(broken curves with same color code as the solid curves).

be drawn, including for the Se-poor composition. Conversely,
As-As-Se BADs do display some interesting evolution. The
presence of As-As bonds leads, indeed, to a change in the lo-
cal geometry and, obviously, their presence converts the dom-
inant pyramidal AsSes3/; unit centred at 98° into a possible
quasi-tetrahedral one at large (As,Ge) content as i) the main
peak is found to be shifted to the tetrahedral value 67 and ii)
the contribution close to 180° vanishes (Fig. 7c). Such fea-

iii) a high frequency band associated with stretching vibra-
tions between 20 and 40 meV reminiscent of transverse op-
tic (TO) modes in the crystal. The comparison between both
compositions (Fig. 8a and b) indicates a sharpening of the lat-
ter with Se content, and a more elusive presence of the second
band at 20-25 meV for GejgAsioSegg. Contributions at high
frequency emerge for Gey;Asy1Sesg (E >30 meV) which is
the signature of a global stiffening of the network structure.
The GepAsioSesgp, furthermore, displays an increased ampli-
tude in the region around 5 meV, this particular frequency be-
ing assigned to a floppy mode peak clearly visible in a-Se’.
This is an indication that increased low frequency modes are
present in GejgAsigSegp, consistently with the fact that this
compound belongs to the flexible phase’-!%16:18,
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Figure 8: Calculated vibrational density of states (VDOS): (a)
Gejy1AsyiSesg and (b) GejpAsioSegg. The total VDOS (black
curves) is represented together with weighted contributions from Ge
(red), As (green) and Se (blue). Experimental data’ (circles) cor-
respond to a system with 7 = 2.60 (Gez3As14Seg3) (c) Comparison
of the total calculated VDOS for systems having the same 7 = 2.3 :
GejpAsjoSegp (black, same as panel b) and As3pSerg (red?®). (d)
Comparison of the total calculated VDOS for systems having nearly
the same 7= GepjAsy Segg (black, 7 = 2.63, same as panel a) and
Ges3Seqy (red**, 7 = 2.67). The squares indicate typical modes de-
tected from the experimental Ge- and Se-related partial VDOS of
Ge33Se6759.

1. Contribution from species

Once the contributions of Ge, As and Se are analyzed, one
realizes that both Ge and As lead to vibrations at high fre-
quency (green and red curves), whereas they are absent in the
floppy mode region which is essentially dominated by vibra-
tions from Se atoms. These results connect to coherent inelas-
tic neutron scattering with isotope substitution which permits
to measure site-specific information on the vibrational dynam-
ics. For Ges3Seg, it has been found® that Ge atoms lead to
peaks at 11.7, 24.7, and 38.0 meV and to a shoulder peak
at 35 meV (symbols, Fig. 8d), whereas Se-related peaks are
measured at 9.9, 26.8 meV together with a broad feature at
33.8, 35.5, and 38.4 meV.

Additional insight is provided from the analysis of local
vibrations and typical frequencies of isolated local geome-
tries. Here, the electronic DFT scheme is used to determine
from an exact diagonalization of the Hessian matrix the vibra-
tional eigenmodes and eigenvectors of GeSey ), tetrahedra**

and AsSe; , pyramids*®®. The frequency analysis and a vi-

sual inspection of the atomic motion offer an assignment to
typical bands of the VDOS. Intratetrahedral GeSe,/, bend-

ing modes lead* to some typical frequencies in the TA part
of the VDOS (8 and 11 meV°'), whereas stretching modes
(the so-called tetrahedral A; mode®'%%) contribute to exper-
imental assignments determined at 12.4 meV, 24.8 meV and
25.9 meV. The modes found in the upper tail of the TO band
(32.2 meV and 33.7 meV) consist in the reported stretch-
antistretch > mode®'. The pyramid AsSe; /2 has been ana-

lyzed in the same fashion® and corresponding eigenmodes
contribute to bands found in the 8-15 meV region, and are
associated with bending/stretching and/or deformation modes
of the local geometry®?, the modes at the largest frequencies
(31 meV) giving rise to umbrella flip modes. It should be also
mentioned that larger frequencies are obtained in the range
22.3 meV< E <32.2 meV when isolated quasi-tetrahedral
Se=AsSe; 2 are considered®0405  As ng, ~ 3 (Table 1),
these geometries do not seem to exist in the present ternar-
ies (see however Ref. 18), and recent simulations have shown
that they might be rather unstable, at least in DFT based

simulations®.

2. Vibrational isocordination rule

In order to check for the validity of the vibrational isocoor-
dination rule>*!, we compare two different chemical systems
of nearly the same average coordination number 7. Figure
8c shows the vibrational density of states for GejgAsioSego
(black) compared to AszpSerg (red*®), both having the prop-
erty 7 = 2.30. Similarly, we represent in Figure 8d the VDOS
of Gep1Asy Sesg (F=2.63) and Ge33$e6744 (F=2.67).

First, we note that the rule is qualitatively valid for
GepAsipSegp as all bands are similar to the one of As3gSeg :
TA (E <20 meV) and TO bands (25 meV< E <40 meV). The
rule is not fullfilled for the Se-poor compositions and there is
an obvious blueshift of both TA and TO bands for the refer-
ence compound Ges3 Seg7**. It is, therefore, tempting to con-
clude on the non-validity of the vibrational isocoordination
rule for the large cross-linked (i.e. Se-poor) networks.

B. Ring structure

The topological intermediate-range order can be deter-
mined using a ring statistics algorithm that builds on a rig-
orous investigation of networks generated using simulation
(RINGS) code®. A cutoff distance of 2.74 A has been used
for all atomic pairs, corresponding to the minimum r,, of the
pair distribution functions (Fig. 6). The algorithm is mostly
based on the King®-Franzblau®® shortest-path search to find
rings containing a maximum of 10 atoms.

1. General features

Figure 9 displays the ring statistics R(n) for the two compo-
sitions of interest and for the two related binary glasses**.
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Figure 9: Calculated ring population (number of rings found di-

vided by the system size N) in GejgAsjgSegg (a), Geyj AspiSesg (b),
As30Se70* (c) and Ge33Se(,744 (d). The calculation focuses either on
all rings (orange) or on even rings containing only heteropolar bonds
(ABAB rings, black) ).

As for other chalcogenides where homopolar bonds are
present, all sizes n of rings can be found, i.e. both odd-
and even-sized rings, in contrast with e.g. a GeO; structure
which has only heteropolar bonds and leads solely to even-
sized ring distributions®®. For the Se-rich composition (Fig.
9a), the network is dominated by 4- and 5-fold rings com-
posed of a majority of Se-Se bonds. Interestingly, when the
nature of such motifs is further analyzed, n = 4 rings appear
to contain essentially heteropolar bonds and correspond to so-
called ABAB motifs’%’! (As-Se or Ge-Se, black bars, Fig. 9).
These are clearly not promoted in larger rings such as n = 6
or n = 8 ones. It should be also noted that the large presence
of the 4-fold rings is responsible for the typical bimodal BAD
Se-Ge-Se and Ge-Se-Ge that has been previously determined
(Fig. 7). The increase of (Ge,As) content leads to an overall
increased cross-linking tendency (i.e. connectivity 7) which
manifests by a global growth of all types of rings, the distri-
bution remaining dominated by smaller rings having n < 7,
i.e., rings containing either four (ES motifs) or 5 or 6 atoms.

2. Network topology contrasted

Does the network structure of the present ternary glasses re-
sembles to the one characterized for binary systems with the
same average coordination number 7 ? Figures 9c and d now
display the same statistical analysis concerning the ring pop-
ulation for the isocoordinated As3pSe7g and GeszsSeg;. Ob-
viously, correspondences between e.g. GejgAsigSegy and
As3pSe7o remain only at a qualitative level, i.e. an obvious
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Figure 10: Pair correlation functions Ge-Ge (black), Ge-As (red)
and As-As (green) in GepjAsy Sesg (a), and corresponding Ge-Ge
pdf (b) in Ges3Seq7 (calculated, black** and measured from neutron
scattering, red!?). The molecular structures involve typical correlat-
ing Ge-Ge and Ge-As distances marked by arrows (As in red, Ge in
blue).

dominant ring size is obtained (n = 5 for GejpAsjpSego and
n = 4 for Ge,1 Asy1Sess, similarly to the binaries), and some
minimum population is acknowledged at n = 7. For 7 = 2.30
only a limited number of rings are found due to the residual
chain-like nature of the network Se backbone which prevents
from an important formation of small (n = 4-7) and, more-
over, intermediate-sized (n >8) rings. The comparison indi-
cates however that the fraction of ring structures is largely
different between both sets, and in ternary glasses the ring
population is promoted with respect to GeszSeg7 as RW ~18
for Gep;Asp1Sesg. This definitely rules out the idea of hav-
ing networks with different chemical composition but a same
network topology?”.

3. Link with typical correlating distances

The presence of a rather large fraction of ES rings in
Gey 1 Asy Sesg (Fig. 9) signals the presence of a typical cor-
relation distance as in binary Ge-Se glasses'>**. In this sys-
tem, three distances emerge usually at 2.43 A, 3.03 A and
3.61 A and are associated with homopolar Ge-Ge, ES and
corner-sharing tetrahedra®*, respectively (Fig. 10b). Such fea-
tures are actually also detected in the present ternary, and es-
pecially for the the Se-poor composition, exemplified in the
partial ggece(r). Fig. 10a shows this pair correlation function
(black curve) which clearly has a 3-peak structure in the re-
gion 2 A<r<4A, the assignment of the corresponding peaks
found at 2.57 A, 3.04 A and 3.71 A being somewhat larger
than those obtained in the corresponding binary Ge-Se, at least
for the homopolar distance Ge-Ge and the CS distance. Here,
the larger system density for G621A521Se5318 (0.0343 A3 as
compared to 0.0334 A3 for Ges3Seg7'?) cannot account for
the increased bonding distances obtained in the ternary. Simi-



larly, the partial ggeas(r) also exhibits this 3-peak feature and
a shoulder peak corresponding to some ES structures is ac-
knowledged (red arrow in Fig. 10a). A visual inspection of
atomic snapshots indicates, indeed, that 4-rings can involve
both Ge and As atoms and these lead to a typical correlating
distance found at 3.31 A, and which is clearly distinct from
the As-Ge bond at 2.46 A (first prominent peak in Fig. 10a
and Table I), both being displayed in a molecular fragment
taken from an atomic configuration (Fig. 10a). Conversely,
no 4-rings involve two As atoms and this is reflected in the
absence of the ES peak in the partial gasa,(r) (green curve).
This indicates that in ternary glasses, 4-rings are preferentially
formed with 100 % Ge or 50 % Ge and As atoms in a domi-
nant heteropolar configuration (Fig. 9).

C. Topological and chemical ordering

Finally, we examine structure functions which concen-
trate on long-range topological or chemical ordering of the
networks. We use for this purpose the Bhatia-Thornton
(BT) formalism which focuses on the number-number cor-
relations (via a corresponding structure factor S5% (k)) and
concentration-concentration correlations which are given for
binary mixtures such as Ge,Se|_, as :

Sgg (k) = XGeXSe | 1 +SGeGe + Ssese — 25Gese (10)

with §;; the calculated FZ structure factors. The former
(SBE, (k)) probes correlations that are independent of the chem-
ical nature of the scattering centers and, therefore, provides a
measure on topological ordering at intermediate and extended
lengthscales’®. The latter distribution Sgg(k) characterizes
how chemical species are distributed over the scattering cen-
ters and, thus, gives information on chemical ordering. Note
that Scc(k) converges in the large scattering vector limit to
XGeXse. We use here an extension of the formalism to the case
of ternary systems’>74, and can write :

S (k) =Y xix;Si; (k) (1n
iJ

and for concentration-concentration correlations, we have e.g.

—1 BT 2 2
Xge SCC(GeAs) (k) = XGe + XAs + Xse xGeSGeGe +XASSASAS

12)

+ 2XGeXAsSGeAs — 2XAs (xGe + xAs)SAsSe

—2XGe (xGe +xAs)SGeSe + (xGe +xAs)2SSeSe

Note that Sgg(GeSe) (k) and Sgg( Asse) (k) are obtained by a

cyclic operation on (Ge,As,Se), and that in the high wavevec-
tor region k all concentration-concentration structure factors
converge to the limit x;(x; +x;) (i # j,k) which is a direct
consequence of the definition of Sgg( (k), SBT< AsSe) (k) and

GeSe) cC
Sgg(GeAs) (k) (eqU. 12)).
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Figure 11: Calculated BT number-number structure factor

SBT. (k) and different concentration-concentration structure factors in
GejpAsipSego (a) and GepjAsyiSesg (b). Results are being com-
pared to Ges3Seq7 (panel b, calculated, orange** and measured
from neutron scattering, red'?) and AsspSero (panel a, calculated,
orange*®). The broken line in panel b is S%](k) for GejgAsipSego
(same as panel a) and serves for comparison.

Figure 11 now represents both SE% (k) and the differ-
ent concentration-concentration structure factors for both
GejpAsipSegp and GepAsySesg. These are being compared
with the same calculation for the isocoordinated As3gSe70*®
and Ges3Seq7!>**. The different concentration-concentration
functions display a main peak at the position ky, a feature
that has been also found for S2Z (k) in different tetrahedral
glasses’, the small peak at k3 ~1.0-1.2 A being an indication
of concentration fluctuations on intermediate length scales.
Results confirm that the ‘three peak’ character of the structure
factor originates from the function focusing on topology (i.e.
SBT.(k)), although notable differences between the intensities
are acknowledged with respect to binary As-Se and Ge-Se.
One, indeed, immediately observes that the second principal
peak at k, ~2.09 A-lis substantially reduced as compared to
the related binary glasses, this feature being even more pro-
nounced for the Se-poor composition (GeyjAsy;Sesg). It is
important to remark that the FPMD underestimation of the



peak at kp (Fig. 2) cannot entirely account for the present ob-
servation.

The peaks found in Bhatia-Thornton provide some informa-
tion on topological or chemical lengthscales’. The first peak
at k; has been associated with nearest-neighbour contacts at
distance d between species, and is therefore a generic feature
of all glasses including colloidal materials’® or series of iso-
chemical glasses ranging from ionic to semi-metallic’”. Tt is,
thus, not surprising that the features of this peak are very sim-
ilar when the ternary Ge-As-Se compositions (black curves,
Fig. 11) are being compared to their binary counterparts (or-
ange curves***%_ and red curve'® in Fig. 11b). The ampli-
tude of the correlations in Fourier space (i.e. in S(k)) will,
indeed, maximize’®7° at a position given by the Ehrenfest re-
lation kyd = 7.725 ~ 57/2 (if one takes here d = 2.40 A, one
has k; =3.21 A~ 1).

The second peak at k, emerges only if the bonding scheme
assumes a directional character’” present e.g. in glassy
silica®® or GeSe,**. The reason for a reduced intensity at kp
results from the fact that the ternary glass is made of both
tetrahedral and pyramidal motifs. In binary tetrahedral glasses
of the form AX> (SiO;, GeSe,...), the scattering intensity is
found to maximize when the periodicity associated with k;
is commensurate with a typical distance found, and which is
represented by the base-to-apex distance given by +/2/3dxx
involving the edge (i.e. the X — X bond distance) of the
AX, 2 tetrahedron. Using dxx = 1/8/3dax, one has therefore
2ntlky =~ 4dux/3 or kodax =~ 3m/2 at scattering maximum.
Here, with dg.s. = 2.40 A one has k, =2.0 A’l, i.e. close to
the exact location of second principal peak (2.09 A~1) but the
reduced intensity at this scattering vector indicates an obvious
reduced ordering for this particular distance.

V. SUMMARY AND CONCLUSIONS

Glass network-forming chalcogenides not only represent
materials of special importance given their possibilities in op-
toelectronic applications but they are also driven by funda-
mental features that influence structural properties.

Here, using neutron and X-ray scattering experiments to-
gether with first principles molecular dynamics simulations,
we have focused on the structural and vibrational properties
of two systems able to serve as a probe for the isocoordina-
tion rule>*!. This rule states that various glass properties only
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depend solely on an averaged quantity of topological charac-
ter, that is, the network mean coordination number 7. Results
have been contrasted with isocoordinated binary systems such
as As3pSe7o and GesszSeg7. The study first indicates that the
experimental structure factor can be reproduced from molecu-
lar simulations with a rather satisfying accuracy. This permits
the validation of the structure models prior to further analysis
of structural features.

The molecular simulations reveal that the networks are
dominated by four-fold Ge, 2-fold Se 3-fold As as in corre-
sponding binary glasses. For Se-poor compositions, prefer-
ential bonding does occur because As-As homopolar bonds
dominate together with As-Ge bonds, the fraction of Ge-Ge
being very low. The rest of the network is dominated by
Ge-Se, As-Se and Se-Se bonds whose population depends on
composition. Topological ordering manifests by an increased
population of heteropolar ES with either two Ge atoms or one
Ge and One As atom. A comparison of the ring statistics with
corresponding binary glasses (Ge-Se and As-Se) permits to
rule out the possibility of a similar topology for the same 7.
This conclusion is also met for the vibrational properties as
the VDOS and the so-called isocoordinated rule is merely sat-
isfied for the Se-rich composition.

Taken together, these results highlight the complexity of
such ternary networks which bear a similar short-range or-
der with corresponding Ge-Se and As-Se glasses but display
profound differences in bonding and intermediate range or-
der, the latter being captured by ring statistics and Bhatia-
Thornton structure functions. As these model structures re-
produce with a certain accuracy experimental structure func-
tions accessed from scattering, it would certainly be interest-
ing to focus on other compositions and particularly on those
for which anomalies in relaxation behavior are observed!®, in
order to establish a neat structure-property relationship as in
previous studies on binary glasses**4¢.
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