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Structure of Vitreous Germania
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A full partial structure factor analysis of vitreous germania has been obtained by a combination
of neutron diffraction, x-ray diffraction, and anomalous x-ray scattering. The results are consistent
with the identification of the first three peaks in the average neutron and x-ray structure factors with
intermediate-range order, chemical short-range order, and topological short-range order, respectively.
The values for the shortest distances for the three element pairs are in agreement with previous work
and suggest that possible complications with this technique, which might arise for example from shifts
of the centers of the electron distributions from the nuclei, are not serious in the case of oxide glasses.
[S0031-9007(98)07248-2]

PACS numbers: 71.55.Jv, 61.10.-i, 61.12.—q

Vitreous silica and germania are prototypic simple(b) the spatial distributions measured with the two probes
glasses which form the basis for large families of non-are in principle not the same, since ND sees the nuclear
crystalline materials with considerable scientific interestcoordinates, XRD the entire electron distributions, and
as well as technological importance [1]. Although a siz-AXS those of the core electrons. A recent comparison
able body of diffraction literature exists on the structure ofof ND and XRD on a molten salt, for example, has shown
silica, dating back to the pioneering work of Warren [2], the sensitivity of the x-ray results to the degree of charge
and extensive computer simulations have been carried ottansfer [10]. The significance of these two factors with
with both classical [3] andb initio [4] molecular dynam- respect to the present measurements will be discussed.
ics, the low atomic numbers of its constituent elements The ND measurements were carried out on GLAD at
and low contrast in the neutron scattering lengths of itdPNS and the x-ray experiments at the X-7A beam line at
isotopes preclude a complete determination of its structurBISLS [9]. The results for the weighted average structure
at the partial level. For this reason recent interest has fcfactors
cused on vitreous germania, using a number of structural Nx NX NX
methods including neutron diffraction (ND) [5,6], high- S (Q.E) = > W, (Q. E)W; " (Q.E)S;(Q) (1)

energy x-ray diffraction (XRD) [7], and anomalous x-ray i
scattering (AXS) at the germanium edge [6,8,9]. and for the Ge-difference structure factor [11]
In this Letter we report a measurement of the partial ¥ ¥ ,
structure factors (psf's)S;;(Q) for each element pair 56.(Q.E) = Z:Wj (Q.E)'Se,;(Q) )
(i,j) of vitreous germania, obtained by a combination J

of ND, XRD, and AXS. This approach is now feasible are given in Ref. [9]. The neutron and x-ray weighting
since spallation neutron sources and synchrotron x-rafactors in Egs. (1) and (2) are

sources make it possible to obtain reliable diffraction data cib; " ¢ifi(Q,E)

out to reasonably large values of the scattering vector wi(Q) = @ and W;(Q.E) = m 3)

Q. In appropriate conditions, it should be possible to _ '

obtain higher statistical accuracy than with either neutrofherec;, b;, andf;(Q, E) are the concentration, coherent
diffraction with isotope substitution (NDIS) alone or AXS Scattering length, and form factor for element.- )
alone, since double difference measurements are requirdggicates the average over all atoms in the system, and
to obtain the partial structure factors with these methoddn€ prime in Eg. (2) deno}tves the real )[(Jart.

Furthermore, compared with isotope substitution this !N the present work,S™(Q) and S*(Q, E) taken at
approach avoids the expense of separated isotopes affergies 13 and 200 eV below the &g absorption edge
the need to prepare different samples (and ensure thg £« = 11,103 eV were used as thﬁ exper)!mental Input.
they are structurally equivalent). However, it should beW”t'nxg these as a vectdF(Q) = [$7(Q),$7(Q, Eq —
understood that (a) the use of two separate probes involvés). 5" (2, E« — 200)] and the psf output as a vector
different sets of corrections and systematic errors whict$(Q) = [Scece(Q), S00(Q), Sceo(Q)], Egs. (1) and (2)
cannot be expected to cancel out, as they do in th&&n be written for the entire data set as

case of difference measurements with a single probe, and F = AS, (4)
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where the elements ok are linear combinations of the 6
weighting factors in Eq. (3). Inserting the appropriate val-
ues for the nuclear and atomic parameters, it is found that
degree of conditioning oA ™! is comparable to that ob- 2 |
tained in many ND experiments with isotope substitution, g
so that reliable structure factors should be derived, pro- @ oor
vided the systematic and statistical errors are small. With Al ﬁ )
spallation neutron sources and synchrotron x-ray sources,
the statistical errors can be made acceptably small with -4 ' . :
reasonable counting times. The main problem arises from
systematic errors, especially at high where the mea- s b
sured x-ray Compton scattering increases (and is different
at the two energies because of the different attenuation 2r
coefficients) and resonant Raman contributions near the 8
absorption edge remain significant while the diffracted in-
tensity decreases on account of the falling form factor. 2 b
Fortunately this problem is compensated to some extent
by the improved conditioning cA~! at high Q, because *
the anomalous (energy-dependent) terny#a(Q) stays
constant while the regular part is falling. 4
The results for the psf's are shown as points in Fig. 1.
The principal features in the neutron and x-ray average
structure factors for GeQare peaks occurring af =
1.54 A~! (the first sharp diffraction peak (FSDP) [32]
2.6 A~! (stronger inS¥(Q) and especially irs&. (Q) [9]),
and~4.5 A~!. From scaling considerations, these can be “
associated with intermediate-range order (IRO), chemical 0 2 4 J
short-range order (CSRO), and topological short-range Q@AM

prder (TSRO), respectively [13]. In the pe}r.nals ShOW!']FIG. 1. Measured partial structure factors (Faber-Ziman defi-
in Fig. 1, the FSDP shows up as a positive peak imjton) for the three atom pairs in vitreous germania at room
Scege and Sgeo and a shallow negative peak ifpo, temperature ¥ = Ge, points), together with corresponding
indicating that cation correlations dominate the IRO, agesults from ab inito MD computer simulation [4,17] of
is generally the case in oxide and chalcogenide glass%/é;”eouS silica ¢4 = Si, lines), with theQ scale reduced by a
[3,4,14,15]. The peak a.6 A~! is strong and positive, actor 1.075.
with almost the same height, i§gege and Soo, and
strong and negative, with almost the same magnitudeb initio MD by Sarntheinet al. [4]. The ab initio MD
in Sgeo, confirming the CSRO nature of this peak. Theresults [17], withQ values scaled down by the ratio of the
TSRO peak occurs at.4 A~!, predominantly inSgege.  M-O distances in GeQand SiQ = 1.73/1.61 = 1.075,
A previous measurement of the partial structure factorsre plotted as solid lines in Fig. 1 for comparison. They
of GeOQ, by Wasedeet al. [6] obtained generally similar are seen to be generally similar to the present results for
results but with the FSDP appearing as a double peak &eG,, the main qualitative difference being that the FSDP
about 1.5 anc2.0 A~! in all three partials, a behavior shows up as a weak positive featureS.
that does not appear very likely and is not found in the An alternative formulation of the partial structure
computer results for SiQOdiscussed below. factors was derived by Bhatia and Thornton [18] in terms
The condition that the scattering intensity must beof number densityN) and concentratiofC) fluctuations,
positive-definite leads to certain inequalities [16] thatshown in Fig. 2 for the present data and the MD results
the partial structure factors must obey. In the presentor SiO,, with O scaled as in Fig. 1. A matter of some
case these arfgece > —2, Soo > —0.5, and (Sgege + interest is the behavior a§cc around the FSDP, since
2) (2S00 + 1) > 2(Sgeo — 1)*>. The first is clearly true it shows up as a positive feature in the experimental
everywhere, but the second and third break down betweersults for molten GeSe MgCl, and ZnC}, perhaps
0.8 and 2.3 A, indicating some systematic errors in theeflecting the network character of these liquids [19].
experimental procedure in this region whose origin is noin the present results for GeQDScc is in fact slightly
yet understood. negative in this region, in contradiction to the inequalities
We are not aware of any published molecular dynamicsliscussed above. As expected, the CSRO peak shows
(MD) computer simulations of GeQbut SiQ has been up most strongly inScc and the TSRO peak iSyn.
studied with classical MD by Vashishé&d al. [3] and with  The Q-scaledab initio MD results for SiQ are again
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QAD FIG. 3. Measured partial pair correlation functions for the
FIG. 2. Measured partial structure factors (Bhatia-Thorntorthree atom pairs in vitreous germania at room temperature
definition [18]) in vitreous germania at room temperature(M = Ge, points), together with corresponding results from
(points), together with corresponding results framinito MD  ab initio MD computer simulation [4,17] of vitreous silica

computer simulation [4,17] of vitreous silica (lines), with the (M = Si, lines), with theQ scale increased by a factor 1.075,
scale reduced by a factor 1.075. both obtained by Fourier transformation of the results of Fig. 1.

qualitatively similar, except thafcc is close to zero in Partial pair correlation functiong;;(r), obtained by
the region of the FSDP. A similar behavior was found inFourier transformations of thg;, are shown in Fig. 3. In
the classical MD result for Si{)f3] and the classical [14] the present data, the first peaks are well defined in each of
andab initio [15] MD results for GeSg the partials, although the peakgao(r) has an unphysical
We investigated the effect of changes in the input structure reflecting a problem with the inversion of the
on the outputS. First, data from separate independentdata at highQ. Values for the positions of the first
measurements, on the same instruments but at differepeaks in the three partials are given in Table I, together
times with new samples, were used as input. Thisvith corresponding values obtained in previous work. In
had a relatively minor effect on the output. Second, grevious work [5,9], it was pointed out that the value
measurement o§*(Q) at high energy (50 keV), using obtained for the Ge-Ge separation might be compromised
the setup described in Ref. [10], was used as an additionaly a possible contribution of Ge-O correlations to the peak
input and the partials extracted with an overconstraineth g"(r) or Gg.(r) identified with Ge-Ge; the present
least-squares procedure; this did not lead to any noticeablesults show that any such effect is negligible. The values
improvement in the results. Third, the effect of varying obtained here for the shortest Ge-O and Ge-Ge distances
both the regular and anomalous terms in the Ge fornmimply a bond angle ofl32° = 5°, consistent with the
factor was investigated; this had a significant effect in thevalue of 133 obtained from recent high-energy XRD [7].
case of large changes in the anomalous part but did ndt the width of the first peak ingg.o(r) is taken as a
affect the general shape of the partials in Figs. 1 and 3neasure of the broadening due to the figkeange in the
Thus, the results appear to be relatively robust, providind-ourier transform, that of the first peak g.c.(r) gives
a reasonable degree of confidence in the conclusioren estimated spread in bond angle I&° = 2°, again
reached. consistent with Ref. [7]. The peaks in tgg(r) at higher
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TABLE I. Short-range structural parameters for GeO

Method rceo(A) roo(A) rGece (A) Ref.
ND + AXS 1.73 £ 0.03 2.83 £ 0.05 3.16 = 0.03 Present work

175 2.82 3.18 [6]

ND 1.739 £ 0.005 2.838 3.185 [5]
1.74 = 0.01 2.84 = 0.02 3.18 = 0.05 [9]

XRD 173 2.83 3.17 7]
AXS 1.73 £ 0.02 3.18 = 0.02 [9]
173 3.17 * 0.04 [8]

2Assumes perfect GeQetrahedron.
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