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We calculate the concentration-concentration partial structure f&tgk) and the charge-charge structure
factor S,,(k) of liquid SiO,, amorphous SiSeand liquid GeSg using first-principles molecular dynamics.
These systems are characterized by the occurrence of intermediate range order, as evidenced by a first sharp
diffraction peak(FSDP at low k values in the total neutron structure factor. We show that a FSDP in the
concentration-concentration partial structure faGgk(k) is generally associated with a small departure from
chemical order. This feature tends to vanish either when sufficiently high levels of structural disorder set in, or,
oppositely, when the chemical order is essentially perfect. For none of these networks, a FSDP is observed in
the charge-charge structure fact®y(k), i.e., fluctuations of charge do not occur over intermediate range
distances. The constraint of charge neutrality is at the very origin of the appearance of fluctuations of concen-
tration. These are observed when the atoms occur in configurations with different coordinations.

DOI: 10.1103/PhysRevB.70.174202 PACS nuniper61.25.Em, 61.20.Ja, 71.15.Pd

I. INTRODUCTION ond approach highlights the occurrence of characteristic low

. . density regions in covalent glasses, by successfully account-
Partial structure factors are useful tools to elucidate thq:ng for the position of the FSDP in a variety of AXisor-

atomic structure of disordered system3hese quantities greq system&510 In this picture, basic structural units
provide information on the range of spatial correlations and«cjysters” are decorated by interstitial “voids,” leading to
can be employed to identify relevant constitutive units. For &orrelation distances typical of intermediate range order. The
binary system made ok and X atoms in concentrations,  general validity of such models for the appearance of the
and cx, respectively, the Bhatia-Thornton concentration-FSDP in the total neutron structure factor has been recently

concentration partial structure fact8gc(k) is defined as tested within the framework of accurate first-principles mo-
lecular dynamics calculatior§.A clear assessment of their
Scc(K) = caCx + CACR[San(K) — Sax(K)] + [Skx(k) — Sax(K) 1}, predictive power and limitations was reached, based on

(1) quantitative criteria applied to configurations of liquid $iO
(I-Si0,) and liquid GeSg(I-GeSe).1718

whereSxa(K), Sax(k) andSyx(k) are the Faber-Ziman partial ~ The significance of the appearance of a FSDP in the
structure factors. Fluctuations of concentration are reflectegoncentration-concentration partial structure faGg#(k) is
by the presence of positive or negative peaksSia(k). even more contentious. Neutron-diffraction measurements
These correspond to preferred correlations among atoms §howed a FSDP in the structure fac®(k) of both liquid
the same kind or of different kind on length scales associatend amorphous Gegé-GeSe anda-GeSe).'??°However,
with the value ok. Insensitivity to the chemical nature of the first-principles molecular dynamics did not show any FSDP
neighborgi.e., Saa(K) = Sax(K) andSyy(K)=Sax(k) in Eq.(1)]  in the Sc(k) of I-GeSg yet featuring excellent agreement
yields Sec(K) =Cacy. for the total neutron structure factor over the enkirange!®

A first sharp diffraction peakFSDP at low values ok in At variance, in the case @-GeSg, for which the height of
the total neutron structure factor of liquid and glasses is comthe FSDP in thesc(K) is strongly reduced, calculations by
monly interpreted as a signature of structural order extendinghang and Drabold do yield a sizeable FSDP in the
well beyond nearest neighbcrhis kind of extended struc-  Scc(k).?2?2
tural organization is termed intermediate range o(tiRO). Very recently we considered a set of networks presenting
The relationship between the FSDP and specific structursd FSDP in the total neutron structure factor. We were able to
arrangements has long been the object of several interpreteationalize the occurrence of a FSDP in the(k) as a signal
tion schemed:1® Two of them are frequently invoke&d®  for the departure from chemical order, and to identify sys-
The first considers the FSDP as a distinct signature ofems of three different classésClass | encompasses net-
crystalline-like layers, its position being related to the inter-works showing perfect chemical order and the absence of
layer separatiofi-®13 In particular, it was emphasized that any FSDP in theS.c(k). This class includes systems like
quasilattice planes do occur in amorphous sitit@he sec-  SiO, and GeQ, which have been characterized either experi-
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mentally or by simulatiort/-?*Class Il features network sys-  The simulations are performed at constant volume on sys-
tems with a distinct FSDP in th& (k). An extended set of tems consisting of 72 atoms fdfrSiO, (24 Si and 48 O
such networks have been found experimenf&liJhis class atomg and of 120 atoms for botfa-SiSe and I-GeSeg
is consistent with very moderate departures from chemical40 Si/Ge and 80 Se atomsThe sizes of the periodically
order, as confirmed by the structure leGeSg and|-SiSe, ~ repeated cubic cell§10.7 A, 15.6 A, 15.7 A, forl-SiO,,
obtained by simulatiof?26:27A network structure of class Ill  a-SiSe andl-GeSg, respectivelyare taken to match experi-
has so far only been encountered in first-principles moleculamental densities and are sufficiently large to cover the region
dynamics simulations dfGeSe.8 Like for class I, no fea- Of wave vectors in which the FSDP occurs. The smallest
ture appears at the FSDP location in tBg(k). However, ~Wwave vectors compatible with our supercells akgi,
contrary to class I, the associated network shows a rich va=0-6 A (I-SiO,) andky,=0.4 A (a-SiSe, |-GeSe), sig-
riety of structural motifs in the first-neighbor coordination nificantly smaller than the FSDP wave vectokgspp
shells!® The latter case precedes the disappearance of thiel.6 A™ (I-Si0,) andkesp=1.0 A™ (a-SiSe and|-GeSeg).
FSDP from the total neutron structure factor as occurring fofor each case, the region of wave vectors in which the FSDP
systems with a high degree of structural disorder, such as fappears is described by as much as eight discrete wave vec-
|-GeSg at high temperatures. tors compatible with the periodicity of our supercell. To sub-
In a recent paper, we carried out first-principles moleculastantiate our choice of the system size, we had previously
dynamics simulations oh-GeSg.23 Our purpose was two- carried out an analysis of the range of real-space correlations
fold. First, we wanted to investigate the origin of the FSDPWhich are responsible for the appearance of the FSDP in the
which appeared in th&-(k) of this system. Second, we total and in the partial structure factafsFor a given partial
wanted to compare th&c(k) with the charge-charge struc- Pair correlation functiom,4(r), this range can be determined
ture factor S,,(k). Despite the high degree of ionicity in by truncatingg,,(r) at decreasing distances, monitoring
|-GeSg, we found that a pointlike charge model cannot de-the behavior of the corresponding Fourier-transformed struc-
scribe theS,,(k), as revealed by the differences between thelure factorS k(k) and comparingS (k) to the S,4(k) di-
Scc(k) and theS,,(k). These results showed that fluctuationsrectly calculated in reciprocal space. In Ref. 29, we showed
of concentration and fluctuations of charge are uncorrelatethat a well defined FSDP is presentdf(k) whenr extends
on both the short- and the intermediate-range length scaledp to ~v2L/2, L being the size of our cubic simulations
In particular, while theSc(k) exhibits a FSDP at low values cells. For these values of, reliable statistics can be col-
of k, no features appear at the FSDP location in $pk). lected for distances between independent atoms in the
In this paper, we calculate the charge-charge structure fagupercelf® These conditions are largely met iRSIO;,
tor S,(k) for three AX, networks: I-SiO,, a-SiSe and a-SiSe and I-GeSeg for the S|zes_adopted |n_th|s study.
I-GeSe. These systems are representative of the thredherefore, our calculations are suited to describe the corre-
classeql-SiO,: class 1,a-SiSe: class II,1-GeSe: class Il)  lations extending well beyond second nearest neighbors that
which were introduced to relate the appearance of a FSDP ifharacterize intermediate range order. . _
the Sec(K) to the different degrees of departure from chemi- N our calculations, the electronic structure is described
cal order?® Our calculations reveal that no FSDP appears inVithin — density functional - theory and evolves self-
any of the calculated charge-charge structure facgpk).  consistently during the motictt. Valence electrons are ac-
These results provide evidence in support of the postulatﬁoumed for explicitly, in conj_uncnon_ with pseud_o potenuals
advanced in Ref. 23 that no charge ordering is observed dp account for core-valence interactions. A detailed descrip-

IRO length scales irrespective of fluctuations of concentral'on of our methodology is given n Ref. 31'.'” the case O.f
tion occurring at the same length scales. [-SiO,, the exchange and correlation energy is treated within

This paper is organized as follows. In Sec. I, we summa-the (Ijocal dgnls!ty a%pfrox'r?agg%'hflb‘ norrln-confst,ervmg
rize the main features of our theoretical model. Section 111 isPS€Y opotential is used for siliconwhile an ultrasoft one is

) .
divided in three parts, each focusing on the results for th@dopted for oxygef” For a-SiSe andl-GeSe, we resorted

concentration-concentration and charge-charge structure fal? & 9eneralized gradient approximatiénwith respective
norm-conserving pseudopotentials generated as in Ref. 36.

t f1-SiO,, a-SiS dl-GeSg, tively. Conclusi . . ”
ors ov-Slle, & 5158 an =9, respectively. Lonclusive For each system, the last configuration of the fully equili-

remarks are collected in Sec. IV. brated trajectories from the previous studfed-*’is taken as
the starting configuration for the new simulation. In the case
Il. THEORETICAL MODEL of a-SiSe, for which we generated six amorphous structures
by quenching from the liquid, we chose to continue the evo-
In order to calculate the charge-charge structure factolution which gave the best agreement for the total neutron
S,,(K), it is necessary to have access to the electron chargsiructure factor. The temperatures are maintained at the same
density. Simulations on the three systems considered in thigalues as in the original simulations: 3500 K fBiSiO,,
work were carried out previousljref. 17 forl-SiO,, Ref. 18 300 K forl-SiSe, and 1050 K fol-GeSe. The total and the
for 1-GeSe, and Ref. 37 fora-SiSe). However, since the partial structure factors calculated for the new trajectories
electron density had not been recorded, we here carry oueproduce the data in the literatdfet” 3" Charge densities
new simulations. Overall, the technical ingredients are theecorded along the trajectories were used for the calculation
same as in the original studies, to which we refer for a deof the charge-charge structure fac®r(k). Statistical aver-
scription of the short- and intermediate-range structif€3’  ages were taken over time periods of 5 ps.
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In order to calculateS,,(k), we have taken into account v T T ' T T
the self-consistent valence electron density in the definition 5| i
of the total charge density composed of ionic and electronic
parts,p(r) =2z o(r —r;)+pg(r): 4

Slk) = Nz) ™ f drdr/py(r)p(r e (2)

In our pseudopotential formulation, only the valence elec-
trons are accounted for ip,(r), the ionic chargeg; being
z,=+4 andzy=+6. In Eq.(2) the spherical average overthe ¢
orientations ofk is assumed implicitlyN is the number of
atoms and(zﬁ) is an appropriate normalization factdz§> sk
=Z2,Ca+ZCx. In the expression foZ), z,,=+4 andz,x=
-2 are the charges attributed # and X atoms within a
pointlike charge mode(PLC). In the limit k—o, S,,(«) 21
=(22) (2, with (Z2)=Zaca+ZiCx. For AX, systems this leads
to S,,(«)=3.66.

When the PLC approximation is adopted, the total charge
density becomesp(r)=2;z,;8(r -r;). The charge-charge
structure factorS,,(k) is now proportional toS;c(k) and

0 | | | | |

reads 0 2 4 6 8 10 12
— - H T, — o -1
SR =NXZ) X 2,2, = (caCx) 'Sk k(A)
ij
(3) FIG. 1. Upper panel: charge-charge structure fa8gtk) of

liquid SiO, at T=3500 K. Lower panel: concentration-
concentration structure fact&(k) of liquid SiO, at T=3500 K.

IIl. RESULTS Scclk) is normalized as in Eqe3), i.e., Sy k) =(CaCx) Sec(k).
o The arrows indicate the location of the FSDP in the total neutron
A. Liquid SiO, structure factofkegpp=1.6 A1).

In liquid SiO, the chemical order of the network is pre-
served to a very large extelftMost of the Si atoms are at tinct physical properties as a consequence of the distributed
the center of tetrahedra linked by corner-sharing O atomsature of the electron charge.
The total neutron structure factor bfSiO, exhibits a FSDP
atk=1.6 A1.17 In Fig. 1, we compare the structure factors
S,,(k) and Scc(k) for I-SiO,, the latter being normalized to 1 B. Amorphous SiSg

for k— o [see Eq(3)]. No feature appears in thac(k) at Amorphous SiSgis characterized by a very high degree
the FSDP location, demonstrating that fluctuations of conof chemical order and a small number of structural defects.
centration do not arise in a system characterized by perfedts total neutron structure factor exhibits a FSDP. No experi-
short-range order. According to the classification introducednental partial structure factors are currently available. The
in Ref. 23, this network belongs to class |. The charge-chargatomic structure of-SiSe consists of both corner-sharing
structure factor S,,(k) strongly differs from the and edge-sharing connections. Edge-sharing connections are
concentration-concentration structure fact8f-“(k). The  predominant, with a majority of Si atoms that belong to one
main peak theS,,(k) is located aky,,=5.1 A1, followed by  or two fourfold rings®” Experimental evidence and first-
one deep minimum and shallow oscillations. Small marksprinciples molecular dynamics indicate that at least 1% of
close to the FSDP location are not significantly differentthe bonds involving Si or Se atoms are homopdfat®
from the basis line within statistical accuracy, meaning thaiThese data are consistent with coordination numbers only
no charge fluctuations occur at intermediate-range lengthlightly deviating from the values for a chemically ordered
scales. A departure from charge neutrality is therefore nobetwork(CON), ng;=3.95,ng=2.04,n5°N=4,nSN=2. Cal-
expected for distances beyond-1.5 Al i.e., of the order culations on liquid SiSewere carried out to produce a reli-
of the nearest-neighbor distances. able starting configuration for the obtention of the amor-
Due to the strong ionicity of its bondind;SiO, is a pro-  phous phasé’ In liquid SiSe the presence of a small but
totype of chemically ordered network. Therefore, one woulddistinct peak at the FSDP location in the concentration-
expect the pointlike model to describe satisfactorily struc-concentration partial structure fact®c(k) was correlated to
tural and charge correlations. However, the striking differ-the departure from chemical ord@rFigure 2 shows that a
ences betweef-(k) andS,,(k) in Fig. 1 show that this is by prominent peak is clearly visible at the FSDP location in the
far not the case. The disparity betwe&p:(k) and S,,(k) C(k) structure factor ofa-SiSe. This feature can be as-
illustrates that structural order and charge order are two dissribed to strong Si-Si IRO correlations, the FSDP being ab-
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FIG. 2. Upper panel: charge-charge structure fa8gtk) of FIG. 3. Upper panel: charge-charge structure fa8gtk) of
amorphous SiSe at T=300 K. Lower panel: concentration- liqguid GeSe at T=1050 K. Lower panel: concentration-
concentration structure factdg.c(k) of amorphous SiSeat T concentration structure factoBqc(k) of liqguid GeSe at T
=300 K. Sc(k) is normalized as in Eq.(3), i.e., Sr%k)  =1050 K. Sc(k) is normalized as in Eq.(3), ie., Sk
=(caCx) 'Scc(k). The arrows indicate the location of the FSDP in =(catx) *Scc(k). Full line: present results, dots with error bars:
the total neutron structure facttkegp=1.0A™1). experimental resultgRef. 19 The arrows indicate the location of

the FSDP in the total neutron structure factkgsp=1.0A™1).

sent in the calculated Se-Se partial structure fetétéimor- mostly Ge-Ge interactions. Accordingly, this network be-
phous SiSgforms a network representative of class II. longs to class Il. By comparing the heights of the FSDP in

The charge-charge structure fac®y(k) does not show ihe k) of a-SiSe (present work, Fig. Rand in the
any peak at the FSDP locatigfig. 2). Interestingly, a dis- L) of I-GeSeg (experimental results of Ref. 19, see Fig.
tinct bump can be noticed in th,(k) at ak value corre-  3)"jt appears that fluctuations of concentration on IRO dis-
sponding to the main peak in tig8-“(k), ky ~2 A™%. There-  tances are higher in the latter case. The total neutron struc-
fore, both fluctuations of concentrations and fluctuations oture factor as obtained by first-principles molecular dynamics
charge occur at short-range length scales. However, whilis in excellent agreement with the experimental one over the
fluctuations of charge are suppressed for distances beyomghtirek range, and even the FSDP is accurately reprodifted.
r~3.8 A fluctuations of concentration persist for larger However, the distribution of the FSDP weight in the partial
distances, as proved by the peakaip=1 A™L. The behav- structure factors is different in theory and experiment. In
ior found for a-SiSe indicates a sensitivity of the fluctua- particular, the FSDP is vanishing in the calcula@g“(k)
tions of concentration over IRO length scales to the presencgrig. 3). This point has been extensively addressed in Ref.
of a small number of structural defects. These defects argg9, where we showed that this disagreement is due to an
responsible for the appearance of a FSDP inSkek), oth- insufficiently accurate description of Ge-Ge correlations. In-
erwise absent in a network showing perfect chemical ordedeed, the height of the FSDP in the Ge-Ge partial structure
(cf. the case of-SiO, in Sec. lll A). We note that the con- factor is underestimated. While this underestimation does not
dition of charge neutrality over IRO length scales is not af-affect the total neutron structure factor because of compen-
fected by the small deviation from chemical order found insation effects related to the other partials structure factors,
a-SiSe. this discrepancy is magnified in ti&(k).

Calculations predict a predominant fourfold Gg$eor-
C. Liuid GeS dination coexisting with a large variety of structural motffs.

- HQuId HE56 This marked departure from perfect tetrahedral order shows

The partial structure factors ¢fGeSe have been mea- that fluctuations of concentration on IRO distances are sup-
sured by Penfold and Salmon using the method of isotopipressed in the presence of a high concentration of defective
substitution in neutron diffractiot? A prominent FSDP char- units. Therefore, the absence of the FSDPSia(k) might
acterizes theScc(k), due to IRO correlations involving result from two drastically different origins, i.e., from the
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establishment of perfect chemical ordas inl-SiO,, class)  Scc(Kk) structure factor. This mark disappears again for higher
or from the occurrence of a high level of structural disorderlevels of disorder.
(as in the simulations dfGeSe, class Il). For all networks studied here, the charge-charge structure
The charge-charge structure fac®y(k) of I-GeSe be-  factor S,,(k) does not display any feature at the FSDP loca-
haves similarly to the case @ SiSe. The absence of any tion. This result confirms previous evidence collected on lig-
distinct feature at the FSDP location confirms that no chargeid GeSg.?® Moreover, it corroborates the postulate that no
ordering occurs at IRO scales in disordered network-formingharge ordering occurs at intermediate length scales in dis-
materials, and this holds irrespective of fluctuations of con-ordered network-forming materials. The constraint of charge
centration on the same length scale. The absence of any feaeutrality is responsible for the appearance of fluctuations of
ture below the shoulder &~2 A1 in the S,(K) is indica-  concentration on IRO distances. For a perfect network, this
tive that no departure from charge neutrality is expected foconstraint does not require any local variation of the average
distances beyone-3.8 A4 concentration since all atoms of the same species are in the
same valence states. Accordingly, no FSDP is found in the
structure factoS-(k). The situation changes in the presence
IV. CONCLUSIVE REMARKS of a moderate amount of chemical disorder, i.e., the occur-
We considered three\X, disordered networks, liquid "€nce of (_1ifferent _vaIenge states. For charge neutrglity to
Si0,, amorphous SiSeand liquid GeSg characterized by hold over intermediate distances, the occurrence _of dlfferent
the presence of intermediate range order, as evidenced by tNglénce states has to correspond to local variations in the
appearance of a FSDP in the total neutron structure factoﬁtru_ctural arrangement. As a resullt,. the. local concentration
We calculated the concentration-concentration structure fac€viates from the average value, giving rise to fluctuations of
tor See(k) and the charge-charge structure facByk) by concentratlon at IRO distances and to the appearance of a
taking time averages over equilibrium trajectories obtained”SPP in the structure fact@c(k).
via first-principles molecular dynamics. Depending on the
level of chemical disorder, three different behaviors have
been identified in the concentration-concentration structure Support is acknowledged from the Swiss National Sci-
factor S.c(k) at low k values. When the network is made of ence Foundation under Grant No. 620-5785QA%,). The
nondefective tetrahedral units, the FSDP in Sg(k) is ab-  calculations were performed on the NEC-SX5 of the Swiss
sent. A moderate departure from perfect chemical order i€enter for Scientific ComputingCSCS and on the NEC-
reflected by a distinct feature at the FSDP location in theSX5 of the IDRIS computer center of CNREBrancse.
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