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Vibrational signature of broken chemical order in a GeS, glass: A molecular dynamics simulation
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Using density-functional molecular dynamics simulations, we analyze the broken chemical order in a GeS
glass and its impact on the dynamical properties of the glass through the in-depth study of the vibrational
eigenvectors. We find homopolar bonds and the frequencies of the corresponding modes are in agreement with
experimental data. Localized S-S modes and three-fold coordinated sulfur atoms are found to be at the origin
of specific Raman peaks whose origin was not previously clear. Through the ring size statistics we find, during
the glass formation, a conversion of 3-membered rings into larger units but also into 2-membered rings whose
vibrational signature is in agreement with experiments.
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[. INTRODUCTION (VDOS). Finally in Sec. V we will summarize the major
conclusions of our work.
Dynamical properties of germanium disulfide glasses

have been extensively studied in the last two decades using Il. MODEL
Raman and infraredIR) spectroscopy-® However, the _ ] o
analysis of these experimental results can be extremely com- The code we have used is a first-principles-type
plicated and the determination of the origin of the vibrationalMolecular-dynamics program calledReBALL96, which is
modes observed in Raman and IR spectra can therefore f@sed on the local-orbital electronic structure method devel-
hypothetical*~® Theoretical calculations based on molecular-OPed by Sankey and I\!lklewsiﬁ.The foundations of this
dynamics simulations can be a very interesting tool in ordefModel are density-functional theotpFT) (Ref. 1) within
to eliminate these uncertainties since they allow the atomiéhe local-density approximatioif,and the nonlocal pseudo-
displacements at the origin of each vibrational mode to bepotential schemé&® The use of the non-self-consistent Harris
investigated. However, the importance of charge transfers ifunctional}* with a set of four atomic orbitals Eand 3)
chalcogenide glassesuch as GeSrequires the use of amb ~ per site that vanish outside a cutoff radius @52.645 A),
initio model which can be extremely costly in time if the size considerably reduces the CPU time.
of the system is not relatively small. In a previous study we As said earlier, this model has given excellent results for
have investigated a glassy GeSample containing 96 many different chalcogenide systems over the last ten
particles® using a non-self-consisteab initio code based on years®>'®In the present work, we have melted arGeS
the Sankey-Niklewski scheme calletkesaLL.’ The good  crystal containing 258 atoms in a cubic cell of 19.21 A at
agreement of the results with the available experimental data000 K for 60 ps(24 000 time stepsin order to obtain an
showed the excellent quality of this model for the study ofequilibrium liquid system(standard periodic boundary con-
chalcogenide systems. However, the relatively small size oflitions have been usgdVe have then quenched our sample
the sample did not allow a great variety of structural defectsat a quenching rate of 6:810'* K/s through the glass tran-
inherent to amorphous systems and made a statistical detesition (the simulated glass transition temperature is close to
mination of the broken chemical order g+Ge$ difficult. 1200 K). Finally we have relaxed this system at ambient
Experimental spectroscopic studies of these gl4skese temperature for 600 ps. The results shown in this paper have
shown in addition that the structural disorder manifests itselbeen averaged over this period.
clearly in the vibrational properties of germanium disulfide

glasses and it is therefore interesting to directly investigate IIl. STRUCTURAL DISORDER
the origin of the corresponding vibrational modes. )

of glassy Ge$ using the same model, in order to study therevealed throggh a detailed study of short- and medium-
statistics of the broken chemical order of these materials antnge orders in the structure of the sample. The study of the
to analyze in detail the vibrational properties of amorphoudadial pair correlation functiog(r) defined as

GeS at ambient temperature. In Sec. Il we will briefly

present the model which has been ugmdre details can be \

found in the original pap&). Subsequently, we will describe g(r)a'ﬂ:4ﬂ2N dr dng @)
the structural disorder of our amorphous sample at short and “

medium ranges in Sec. lll. In Sec. IV we will present afor a givena-g pair is a standard way in order to reveal the

detailed study of the vibrational properties of the system inexistence of bond defects in glassy samples. We report in
order to understand which atomic displacements are respoirig. 1 the results obtained for pairs of the same nature:
sible for the modes present in the vibrational density of state&e-Ge and S-S. The peaks corresponding to second neighbor
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1~ FIG. 2. lllustration of three kinds of units containing homopolar
I bonds: An ethanelike unit presenting a Ge-Ge homopolar and
P T VI AP E R P B P I and two S-S homopolar bonds including ofi® or two (c) non-
0 1 2 3 4 5 6 7 8 9 10 bridging sulfur atoms. In addition a three-fold coordinated sulfur
r [A] atom is illustrated in(d).

FIG. 1. Radial pair correlation functions for Ge-G® and S-S different nature, when the number of first neighbors of a

(b) pairs. given particle is different from what we can expect in a crys-
tal. In stoichiometrica-GeS,, one Ge atom is linked to four

distances at 3.64 A for S-S pairs, and at 2.91 A and 3.41 A8 atoms, and each S atom is linked to two Ge atoms. The
for Ge-Ge pairgdepending on whether the intertetrahedral“ideal” corresponding amorphous system is then a glassy
connections are edge or corner-shayjrftave already been network of Ge$ tetrahedra, linked together by one or two S
analyzed in our previous work on the small sarfijle ad-  atoms depending on the type of connection between the tet-
dition to theg(r) for the Ge-S pairs that does not changerahedra. A tetrahedron which is involved in an edge-sharing
significantly in the large sample However in the 258- link is called an edge-sharing tetrahedron, and their presence
particle sample, we observe in both graphs a small peak alan be experimentally detected using high-resolution
short distance$2.42 A for Ge-Ge pairs and 2.23 A for S-S neutron-diffraction measures. In our simulation we find that
pairg, corresponding to nearest-neighbor bonds. These peak$% of the tetrahedra are edge sharing in glassy,GeS
indicate the presence of homopolar bonds, albeit in smallvhich is extremely close to the experimental value of 44%
quantities, in amorphous Gg&t ambient temperature. Sev- determined by Bychkoet al®
eral studies have been done on this topic, and recently two The broken chemical order can also be seen at short
experimental studies have yielded conflicting results contength scales through the analysis of the bond defects of the
cerning the presence or absence of homopolar bonds in stamorphous sample. If we study the sulfur atoms of our sys-
ichiometric glassy GeS'”*® Contrarily to Cai and Bool- tem, we find that only 68% of them are “correctly” linked to
chand who used Raman scatterfidetri and Salmon found two Ge atomgthe Ge-S bond length is 2.23 &xperiment:
no evidence for such bonds ig-GeS in a neutron- 2.21 A, Ref. 19]. We find that 14.53% of them are con-
diffraction study'® It should be noted that the small concen- nected to only one Ge atom, and are therefore called terminal
tration of these bonds, as we see them in our simulatiorsulfur (or nonbridging. The interatomic distance becomes
could explain why they cannot be detected in the experimenthen smaller than usual and reaches the value of 2.12 A. This
tal structure factor since their effect is not strong enough talecrease in the bond length, whether the sulfur atoms are
be clearly distinguished. bridging or nonbridging, has been studied experimentally

The Ge-Ge homopolar bonds appear in ethanelike unit@nd theoretically and similar results have been fotthé?
where each germanium is linked to another germanium and The reduced coordination of the sulfur atoms is balanced
to three sulfur atoms. An illustration of this kind of structural by the presence of 13.95% of three-fold coordinated sulfur,
unit is shown in Fig. £a). The S-S bonds as we see them inwhich are connected to three germanium atoms instead of
our simulation can appear in two ways: either one of thewo [Fig. 2(d)]. In these configurations, the bond length in-
sulfur atoms is nonbridginglinked to one germanium Fig. creases to 2.29 A. All these values are reported in Table I.
2(b)], or both are nonbridgingFig. 2(c)]. In both cases the If we now focus on the germanium atoms, we see that
S-S bond length is 2.26 A. We have found no S-S bond®95.36% of them are found in usual Ge®trahedra, with
containing two bridging sulfur atoms. four nearest S neighbors. Only 1.16% of the Ge atoms are

The structural disorder can also appear between atoms @fvolved in Ge($,)3 units and 1.16% in Ge(®), units. We
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TABLE |. First neighbors of the S atoms in@GeS system TABLE Ill. Ring statistics in ag-GeS system containing 258
containing 258 particles. particles.
S Ring size No. of rings Percentage
No. of first Ge neighbors ~ Amount Percentage Bond length
A) 2 22 38
3 27 46.5
1 25 14.53 2.12 4 1 1.7
2 117 68 2.23 5 2 3.5
3 24 13.95 2.29 6 2 35
Homopolar bonds S-S 6 3.52 2.26 7 3 5.1
8 1 1.7

Coordination number n;,;=2.005 ng.=1.97 ng=0.035

. move on to the study of the vibrational properties of this
can therefore say that the bond defectgies, are more  gysiem in order to analyze the impact of these defects on the

specifjc to the sulfur atoms, since the Coordination of 9ermagynamics, impact which is supposed to be important accord-
nium is extremely close to that of crystallineGeS. ing to experimental studiés.

It can be seen that the Ge-S bond length increases in
Ge(S)p)3 and Ge($y), units, and reaches the value of 2.43
A (Table 1I).

An alternative way to analyze the chemical order at me- The study of the dynamical properties @fGeS can be
dium range can be obtained through the ring size statisticglone through the calculation of the VDOS, which can be
We define the siza of a ring as the number of germanium measured experimentally by inelastic neutron-diffraction
atoms present in the shortedbsedpath of alternating Ge-S spectroscopy. Even though Raman and IR measurements
bonds. Therefore an-membered ring consists oin2alter-  have been performed in chalcogenide glasses, no neutron-
nating Ge-S bonds. In crystalline-GeS, the ring size can diffraction experiments have ever been performed gbeS
only be equal to 2 or 3. Their respective proportion is 1:2,glasses to our knowledge.
which means that 33% of them are 2-membered rings and We calculate the VDOS of glassy-GeS through the
66% of them are 3-membered rings. However, in amorphoudiagonalization ofD, the dynamical matrix of the system
g-GeS, these rings may have more variable sizes, and theigiven by
statistics is a signature of medium-range disorder. We report
in Table Il the respective amount and percentage of rings for b _ PE(¢i, b))
n=2,...,8in ourglassy sampléno n-membered ring with (i) = dpidd;
n>8 was found in our 258-particle systém

We note that the percentage of 2-membered r{8§%0) is

IV. DYNAMICAL PROPERTIES

P=X.y,2, 2

for two particlesi and j. Figure 3 shows the calculated
extremely close to that of crystalline-GeS. However, VDOS for two_g-Ge% samples containing, resp_ectively, 96
many 3-membered rings have disappeared in the amorpho@9d 258 particles. In the larger samplkae topic of the

structure, to become-membered rings, witm=2 and 3 present studywe notice a widening of the optical band lead-

<n<8. These units were probably broken during the pro—mg to an excess of modgsompared to the small sample

cess that led to the glassy structure, allowing for the formaP€tween 250 and 300 cm and above 450 cnt. We will

tion of mainly larger-sized rings. To our knowledge, neither

experimental results nor other simulation data have been 0T T
published on the ring size statisticsgaGeS.
Once we describe in detail the chemical “defects” in our
glassy Geg sample (with respect to the crystglwe can '§'°'°3
f=
TABLE II. First neighbors of the Ge atoms inggGeS system _:
containing 258 particles. 8,002
7
Ge 8
No. of first S neighbors Amount  Percentage Bond length > 0.01
A) {1\ ]
2 1 1.16 2.43 0.........\
3 1 1.16 2.43 ()] 100 200 300 400 500
4 82 95.36 2.23 ® [em’]
Homopolar bonds Ge-Ge 2 2.32 2.42

FIG. 3. Vibrational density of statd¥DOS) of the 258-particle

Coordination number n;;;=3.953 ng=3.93 ng.=0.023 sample compared to that previously obtained for a 96-particle
sample(Ref. 8.
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FIG. 5. Calculated stretching characteee text for definition

FIG. 4. Calculated phase quotiefsee text for definitionas a as a function ofiw.

function of w.

_ The summation is performed over all first-neighbor links,
see later that these modes arise from structural defects that

are not present in the small samées seen previously but agggmT";’];h:trlglcth\gﬁdg;gre;g?g}ggéwiz ZﬁngeisnO;iméé
in order to analyze the VDOS and to determine the nature t? ' 9 g. .

the atomic displacements responsible for the vibrationaari:?rr:)riese%?;g}itkfvt;/isfﬁggeerﬂgﬁé tsf;reﬁc\e/ilgrgt(;cs)relatlorgodes
modes, we first calculate the phase quotiénthich is de- On the other hand, high-frequency modes in the optic band

fined as can be attributed to stretchinglike vibrations, in which the
eigenvectors are almost parallel to the direction along the
-1 - first-neighbor bonds, an§. is close to 1.
> en(w)-eh(w) zati
< =m m In order to measure the localization of the modes, we
PQw)= , (3)  calculate the participation ratiB, :2°
- ~2
2 [en(o)-eq(o)| \ ,
2, lei(w)l?
where the summation is done over all first-neighbor bonds in Pr:PN—, (5)
the systemélm(w) andézm(w) are the eigenvectors for eigen- 2 > 4
)) are. . . NS, l&(w)
value w of the two particles involved in themth first- i=1

neighbor bond. If the motion of particles 1 and 2 is parallel

for all first-neighbor bonds, then PQJ is equal to+1. If, ~ where the summation is performed over tparticles of the

on the contrary, the motion is antiparallel for all pairs, thensample. If the mode corresponding to the eigenvalués
PQ(w) has a value of- 1. Figure 4 represents the calculated delocalized and all atoms vibrate with equal amplitudes, then
phase quotient for our glassy GeSample. It can be seen P,(w) will be close to 1. On the contrary, if the mode is
that the first band in the VDOS at low frequencies is causegtrongly localized, the®,(w) will be close to 0. The results

by acousticlike modes, in which a particle vibrates almost inare shown in Fig. @ and we can see that the localized
phase with its first neighbors. These modes involve thereforerodes are mainly present in the zone between the acoustic
extended interblock vibrations. The second band in thend the optic bands and also at higher frequencies at the
VDOS arises from opticlike modes, in which the eigenvec-upper limit of the optic band. In this work, we will focus on
tors of first neighbors are mostly opposed to each other, leadhese localized modes, not present in the small sample.

ing mainly to intrablock vibrations. This is consistent with  In order to determine which particles are involved in a
the usual assignment of the acoustic and optic character gfiven mode, we define the center of gravﬁ;}(w) of each

the two main bands in the VDOS. mode of eigenvalue and the corresponding “localization”
Another interesting tool in the analysis of the vibrations|engtt?* L as

of a system is the stretching characger?* which is defined
as

> [el(w)—€2(w)]-dn (6)
S.=

-~ N
o/
@ 2 le(o) /m.

and

; lel(w)—e2(w)|
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FIG. 7. Atomic displacements involved in the vibrational modes
at 440 cm'! (a) and 200 cm? (b) concerning edge-sharing units.

feature, at 250 cm'*, was also found to increase in intensity
under high-pressure conditiofisIn our simulation we find
that these vibrational modes are localized around three-fold
coordinated sulfur atoms, with a corresponding localization
length approximately equal to the first-neighbor distance be-
tween the central S atom and the three Ge first neighbors.
This mode is therefore extremely localized, and the three Ge
atoms are almost frozen in comparison to the central S that
vibrates between them. This finding is consistent with all the
A \ \ experimental results mentioned above. Since Ge-rich sys-
200 300 400 500 tems contain more of these bond defects it can explain why

o fem™] the feature at 250 cit in Raman spectra increases in Ge-
rich compositions. Under high-pressure conditions, where
Ge-rich and S-rich zones have been proposed to appta,
same explanation holds.
- We find that two different zones, at 200 ¢ and
2 |F——F (w)|2|é-(w)|2/ m 440 cm %, are localized around edge-sharing uni3-
“~ 9 i i membered rings The high-frequency feature, at 440 ci
o . (7) has been analyzed in several wofks? and its origin is
2 |éi(w)|2/ m indeed due to the vibrations (_)f edge-s_har_ing L_mits. These
=1 modes are caused by symmetric breathinglike displacements
. as depicted in Fig. (). The other feature, at 200 crh,
wherer; andm; are, respectively, the position and the atomicwhich is not yet clearly understood, was found to increase in
mass of particlé. Periodic boundary conditions are of course Ge-rich composition8.We find that these modes are cen-
taken into account in these calculations. The localizationtered around edge-sharing units as well and are due to the
length [Fig. 6(b)] represents the spatial localization of a vibrations shown in Fig. (b). Since the concentration of
given mode. It is a length beyond which the amplitude of theedge-sharing tetrahedra increases significantly with Ge
atomic vibrations decreases significantly. Its maximal valueconcentratior, this could explain why this feature is more
is half that of the box size which is in this case equal to 9.6prominent in Ge-rich compositions.
A. For each eigenvalue, a sphere of radlusentered at The homopolar bond&Ge-Ge and S-Balso have a con-
Fg(w) will define the zone in which the vibration is located. tribution in the vibrational density of states. We find that the
All the particles present inside this sphere will be considereibrations of ethanelike units, presenting Ge-Ge bonds, have
as involved in the vibration. This scheme will allow us to a contribution at 270 cm" which is close to the value de-
determine the atomic displacements responsible for each I¢ermined experimentalfy (260 cnmt)and theoretically
calized mode. (250 cm %) .28

A very controversial aspect in the study of the dynamics We find the vibrational modes containing S-S homopolar
of g-Ge$ is the interpretation of the modes located in thebonds at 486 cm!, which is exactly the same value found in
range close to 250 cnt, since the origin of the peak ob- Raman experiments on sulfur-rich samplebhese modes
served in Raman spectroscopy has never been clearly undérave been attributed to the S-S bonds presengirirgs or
stood. Experiments on Ge-enriched,Sg , systems, with S, chains, which appear in S-rich compositicrf§:282°
different concentrations of germanium, have been performetiowever, in our stoichiometric GgYjlass we find no pres-
and the feature at 250 cm was found to increase with the ence of these chains and the corresponding localization
Ge concentratioft®2® This led to the hypothesis that this length of the mode[see Fig. )] is extremely small
feature is due to tetrahedral units containing less than fouf~1.5 A). We can therefore argue that the feature at
sulfur atoms, such as Gef§; or Ge(S,), units®® Incom- 486 cmi' ! in Raman spectra is not necessarily caused by
parable studies these vibrations have been assigned to Ge-@gendedS; rings or § chains, but exists as localized S-S
homopolar bond$!® or to distorted rocksalt units.This  homopolar bonds are present. These homopolar bonds are

L [A]

]
00 100

FIG. 6. Calculated participation rati@ and localization length
(b) (see text for definitionas a function ofw.

L(w)=
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only present in the large sample which explains why we
observe in the VDOS an excess of modes around
~270 cm ! and 486 cm?® compared to the VDOS of the
small system(Fig. 3.

Another region has been extensively studied over the pas'—
20 years, concerning the so-calléd and A; modes at

340 cmt and 370 cm.?2*%28 Their presence in Raman J (@
spectra has been determined as arising from the symmetric

stretch of Ge(§,)4 tetrahedra, in which the central germa-  FIG. 8. Atomic displacements involved in tidg (a) andA;_(b)
nium atom is frozen. The “companion” modé; at  modes presenting symmetric-stretching vibrations of corner-sharing

370 cm ! has been proposed to be due to similar vibrationgtnd edge-sharing tetrahedra.

in edge-sharing tetrahedra. TA¢ andA; modes are mainly , ) ) . ,
¢ tions, is not necessarily due to such medium-sized units, but

Raman active, but cannot be identified clearly in the VDOS,._ """ 0 s s Vibrations at short distances. We also

Nevertheless since we have previously shown that in Ourropose an alternative explanation of the feature at

simulation the other modes have frequencies very close tg 1 .
. ; 50 cm © in the Raman spectrum, showing that the corre-
the experimental values, we have decided to analyze the

modes between 340 and 370 cfn We indeed find tetrahe- Sponding modes are centered around three-fold coordinated

i . . . sulfur atoms, often present ;rGeS (13.95% of the S par-
dral symmetric-stretching vibrations between 340 ¢rand : , . . .
360 cm'l, as represented in Fig.(@. We also find at ticles in the present systemThis explains the increase of

. . . his f i -rich iti Il in high-
375 cmi' ! symmetric-stretching modes concerning edge—t IS feature in Ge-rich compositions, as well as in hig

. . : pressure samples, as found experimentally.
sharing tetrahedra, which are usually assigned toA!pCe Analyzing the ring size distribution we find that in the

modes[Fig. 8b)]. In addition, many symmetric-stretching process leading from the crystal to the glass a large propor-
vibrations of tetrahedra containing bond defects are presefipn of 3-membered rings disappears giving rise to larger
between theA; and A; zones. This can explain why the rings and an excess of 2-membered rings. These rings mani-
feature at 340 cm! in Raman spectra does not disappear infest themselves in the vibrational properties of glassy GeS
Ge-rich composition$3 even though the usual Ge(g, and principally two modes are found at 200 thmand
tetrahedral units are no longer present in such systems. 440 cm %, respectively, assigned to bond-bending and bond-
stretching vibrations of edge-sharing tetrahedra.
V. CONCLUSION In the region experimentally assigned to the and A4
) ) ) ) modes we find, as expected, symmetric-stretch vibrations of
Using DFT based molecular Qynam|cs simulations, Wexqrner and edge-sharing Ge, tetrahedra, respectively,
have analyzed the structural disorder of a glassy ;GeSyyt also vibrations of tetrahedra containing bond defects

s_ample containing 258 particles and its impact on the vibragich allow us to explain why these modes do not disappear
tional spectrum. Compared to a previous study on a smallgf, Ge-rich systems.

systenf we find here the presence of homopolar bofelen
though in extremely small concentratjomhich a priori per-

mits the disagreement between two recent experimental stud-
ies to be resolved’!® The signature of these bonds in the  We thank David Drabold for providing some of the codes
VDOS at 270 cm! and 486 cm! is in agreement with pre- necessary to analyze the vibrational properties of our sample.
vious experimental and theoretical results. Nevertheless, theart of the numerical simulations were done at the “Centre
feature at 486 cm', previously assigned to S-S vibrations in Informatique National de [I'Enseignement Stipar”

Sg rings or § chains that can be found in S-rich composi- (CINES) in Montpellier.
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