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Long-range structural fluctuations in a CaO-Al,05-2Si0O, glass observed by spatially resolved
near-edge spectroscopy
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We report evidence for long-range structural fluctuations in a Caf®ARSIO, glass of homogeneous
composition. Our new experimental method is based on spatial variations in the electron energy-loss near-edge
spectroscopyELNES), using the small focused probe of an electron microscope. The results are obtained from
the average of the short to medium-range structures around Al and Si, which are obtained by comparing
experimental data in the glass with calculations of the local density of states in a compositionally equivalent
(anorthite crystal.
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I. INTRODUCTION proach is favored, however, the structure is always homoge-
neous on averag®ver length scales greater than about 1-2
The structural characterization of glasses is essential tam). In this study, we use a spatially resolved spectroscopic
any adequate understanding of their properties. After severahethod to demonstrate the existence of structural fluctuation
decades of effort, however, the application of microstructuraln the long-range structure of a compositionally homoge-
knowledge to macroscopic physical and chemical propertiefeous CaO-AJO,-2SiO, (anorthite glass.
of glasses has rarely been successful, probably because of The long-range structure is deduced from the average of
our limited structural knowledge, compared to that of crystalthe short to medium-range structure around Al and Si, which
structures. In general, a glass is considered to be a randomare obtained by comparing electron energy-loss spectra
structure, but below a certain length scale, deviations fronfEELS) in the glass with calculations of the density of states
randomness can be seen. For example, in silicate glasses, {®0S) in a compositionally equivalent single crystal. The
evidence for short-range structufat the nearest-neighbor |ocal structures in Ca aluminosilicate glasses have been the
distance around Si is overwhelming, and the coordination of subject of intensive resear¢filn particular, a comparison of
Al is also conclusivé.The definition of medium-range struc- glassy and crystalline anorthite phases has been pubf$hed.
tures (from second nearest neighbor distance to 1.0 to 2.Gt is generally agreed that Si and Al are tetrahedrally coordi-
nm), however, is more contentiodsThe strongest evidence nated to oxygen. However, the average coordination numbers
for the existence of medium-range structures in silicateof Ca-O vary from 5.2 by x-ray diffractidfi to 7 by ex-
glasses comes from measurements of well-defined local efiended x-ray absorption fine structure spectrosc¢opy.
vironments(nearest neighboyaround specie&@lkali and al-
kaline earth cationswith weak, ionic bonds to oxygetr:®
However, the nature of the medium-range structure in these Il. THEORY
glasses is still not clear. Recently, medium-range structural
fluctuations have been revealed by fluctuation electron mi- Our experimental approach is based on EELS with mod-
croscopy in as-deposited amorphous semiconductor thiarate spatial resolution in a transmission electron microscope
films.” However, there remains little structural information (TEM). The near-edge fine structure of EEIBLNES) is
beyond the upper limit of medium-range structure. Devia-similar to that of x-ray-absorption spectt4ANES), but has
tions from randomness in the long-range structure are noithe advantage of much higher spatial resolution. In a single
mally considered to be compositional. particle description, EELS is due to the primgigcideny
There are two extreme models for the structure of glasseslectrons’ interaction with inner-shell electrons, and the en-
random networks and microcrystallite models. Historically,ergy required to excite the core electron of the atom from the
random networks have been considered to be the most aiitial state to an unoccupied final state. As derived from
propriate models. Random networks are likely to be the lowFermi’s golden rule, the EELS spectrum is proportional to
est energy state of amorphous tetrahedral semicondifctorghe unoccupied DO$p(E)] modified by the atomic transi-
but not for many oxide glasses. More flexible models, thetion matrix elementM (q,E)|?,*2**
stereochemically definedSCD) models, have been pro-
posed, which cover the spectrum from continuous random
networks to microcrystallite modefsNo matter which ap- I(E,q)oc|M(q,E)|2-p(E),
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whereq is the wave vector. If the collection aperture is small * ‘ " Si L-edge.

(q-r<1), dipole selection rule applies; therefore the EELS

intensity can be simplified as Al L-edge a2 S4
1(E,q)|My 41 pi41(E)+|M_1]%p1(E), [ iy L/\J

wherel is the angular-momentum quantum number of the A \A

initial state. For Al and SL edges excited by 100 keV elec-

trons, the dipole selection rule is fulfilled in the near edge
region if the collection aperture is smaller than 10-11
mrad!* To a first approximation|M, ..;|? only represents the
overall shape of the edges without fine structtirbleglect-
ing the matrix element, the ELNES can be directly compared
to the partial DOS, restricted by the dipole selection rule. If
the initial state consists of a deep core level, which is highly
localized, therp,. 1(E) becomes the local density of states
(LDOS). Therefore the ELNES is sensitive to the local
structuret® In this study, theL.-edge ELNES is used to ob-
serve the local structure around Al and Si in a
CaO0-ALO;-2Si0, glass using a 50 nm diameter electron ] . G ‘ 1
probe. Thes and d-LDOS were calculated to interpret the 80 90 100 110 120 130 140
experimental data. Energy-Loss (eV)

The LDOS were calculated using the real-space multiple-
scattering-theory methdd The calculations were carried out  FIG. 1. Experimental EELS spectra from different areas in the
using the codeEers'® As an extension to previous versions glass. Vertical lines are guides for the eyes.
of FEFF codes FEFFguses self-consistent-fielECH muffin-
tin potentials. It is noted that the strong interaction betweerenergy window was selected, thereti§.2 eV uncertainty in
the electron and core hole can modify the final statethe energy scale.
drastically*® Therefore ground state DOS calculations can
fail to interpret EELS in many casé$.In this study, the IV. RESULTS AND DISCUSSION
core-hole effect is represented using the final state approach, )
which is the one with an electron in the unoccupied state, Figure 1 shows AlL and SiL ELNES spectra recorded

and a hole in the atomic cofé.Many-body effects are ig- from four different regions. The experimental conditions
nored in the calculations. (electron beam current, energy window, gtate the same,

although the thickness may vary. Specimen thickness can be
simply estimated in terms of the effective mean-free-path for
inelastic scattering)\, using the log-ratio methot, t/x

Two samples of glassy and crystalline anorthite were=In(l;/ly), wherel, andl, are the EELS intensities under the
studied. The glass preparations followed the standard proc&hole spectrum and under the zero-loss peak, respectively.
dure. The CaO-Al0;-2Si0, batch was mixed in a platinum In four different regionst/\ is successively equal to 0.51,
crucible and melted in an electric furnace at 1550 °C for oné).53, 0.43, and 0.48rom top to bottom. Approximately, the
hour under an ambient atmosphere. The glass samples wetbove four regions have similar thickness. Taking the value
obtained by quenching the melt to room temperature. Anorof A (~120 nnj in amorphous Si®, the estimated thick-
thite crystal samples were obtained by annealing the glassesses are 61, 64, 53, and 58 nm, respectively. To reduce
samples at 1000 °C for 2 h. The match of the x-ray diffrac-radiation damage, the illuminated areas were broadened to
tion intensities with a standard anorthite sample confirms th@about 50 nnx 50 nm. It should be noted that silicate glasses
crystal structure(Only a broad peak was observed in the are very sensitive to electron irradiation. In a previous study,
glass samples.Electron microscope specimens were pre-we have shown that the initial damage in a Ca aluminosili-
pared by picking up tiny pieces of glass or crystals sus<ate glass occurs when the Ca is removed from its site by
pended in acetone using a holy carbon film across a coppelectron irradiatiort! Therefore changes in the intensity of
grid. An advantage of this method is that there is less conthe CaM,; edge, which is around 33 eV, was used as a
tamination on the surfaces. The specimens were observed miterion for damage. In each region, time-resolved spectra
a Philips EM400 with a field-emission gun and a Gatan parwere recorded; the acquisition time for each spectrum is 0.05
allel EELS system. The energy resolution of the spectrometes. Those spectra for which the intensity of the Kia; edge
is about 0.8 eV. Each spectrum has been deconvoluted froaid not change were added together to give the spectra in
the zero-loss spectrum using the Fourier-log metifddack-  Fig. 1, while those for which the Ca intensity changed were
grounds were fitted at pre-edge intensities using an exponeuiscarded. The total acquisition times for the spectra in Fig. 1
tial form, and subtracted from the deconvoluted raw datavary from 1.4 to 1.5 s.
The origin of the energy axis is set at zero where the maxi- It is seen that the overall features in the lAland SiL
mum intensity of the zero-loss peak occurs. Since a 0.2 eELNES recorded from different regions are similar. There
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are four distinguishable featuréal, A2, A3, andA4) in the T T TR T r 84‘; -
Al L ELNES and threéS2, S3, andS4) in the SiL ELNES. PDOSonSi | g,

However, the details vary from spectrum to spectrum. The

intensities of peakAl are significantly different although
their positions are sam@at ~78 eV). The shapes of peak2

all look different in those spectra: sharp in the first two areas

but broad in the others. The positions of pe&sk vary from >
88 to 90 eV. The appearance of pe&k is also different. The 3= ]
differences also occur in the & ELNES. However, it is E Si s
difficult to separate the Si ELNES from the tails of thelAl 31
edges. .5

Phase separation is not observed visually from TEM im- t: Experimental

ages. Composition fluctuations in the above regions can alsc e
be ignored since the variations of cation intensity ratios are =3
very small. The ratios of the EELS intensity of the G,
edges in the different regions I1Y;12;:13,1¢,
=1:7.71:1.86:1.37) are approximately equal to those of the
Al Losedges (:13:13:14,=1:7.65:1.83:1.37). The inten-
sity ratios of the SL ,; edge including the background from

Arbitr

s+d

the tails of the Al L,; edge, to the AlL,; edge, Ald ™=
(Isi/l a) (1l 1 5) % - =2.30:2.22:2.35:2.47 are also simi- '§ i e WO
lar in the different areas. Therefore, the glass can be consid- ;.ITDOS.‘?“ Al Als

ered to be compositionally homogeneous. The differences in 70 80 90 100 li‘0 12"0 1:;0
the ELNES must therefore be due to changes in the local - Energy-Loss (eV)
structure.

Comparison with a compositionally equivalent crystal giG. 2. Comparison of experimental EELS spectrifick line)
may show some correspondence between characteristic fegrthe anorthite crystal with MS calculations of LDGin lines.
tures for crystal and glass. The Al and Biedges in an  For comparison, the energy of LDOS is scaled to the axis of energy
anorthite crystal are shown in Fig. 2; these were obtainebss. That is the lowest energy of unoccupied states corresponding
under the same experimental conditions as those in the glags.the threshold energy of EELS. The shaded areas represent occu-
Channeling orientations were carefully avoided. The detaileghied states. The cluster is 1 nm in radius.
features in the crystal do not change with the observed re-
gions. It is seen that the overall features in the crystal aréetween 1.60 and 1.63 A in the SjQetrahedra, and the
similar to those in the glass; subpeaks, A2, A3, andA4 in  Al-O ranges between 1.69 and 1.82 A in AlQthe first shell
the Al L ELNES andS2, S3, and$4 in the SiL all appear in  calculations on all inequivalent atoms of the same species
the spectrum. However, the details are also slightly differengive almost identical spectrgCalculated results are not
from those observed in the glass. The interpretation of thesghown herg. Such nearest neighbor order determines the
subpeaks can be obtained by comparing the experimentalerall shape of the spectra, without many details in the EL-
ELNES with the LDOS calculations for the anorthite crystal NES. In Table |, the shortest Al-Si, Al-Ca, and Al-Al dis-
structure. The calculated final stat@scluding core-hole ef- tances are also listed. Although variations exist, the differ-
fecty are also plotted in Fig. 2, aligned to the major peaks inences are not significant. In fact, these cations themselves
the experimental spectrum. Restricted by the dipole selectiohave very small effects on the details of thelAELNES. On
rule, onlys andd components and their sum are presented. Irthe contrary, the scattering from the oxygen atoms in the
general, the calculated LDOS peaks agree with those of theecond and higher nearest neighbors significantly modifies
experimental EELS very well. For Al, pea&2 is dominated the fine structure. In the last column of Table I, we see that
by the Al s LDOS, while others features are due to thedAl the distributions of O above the second nearest neighbor are
states. For Si, both Siandd components have peaks at the divergent among the inequivalent Al atoms. Therefore, we
position of peakS2, while other features are from the &  expect a completely different appearance of the LDOS on
states. Including the core hole effects in calculations signifi€ach inequivalent Al site.

cantly sharpens the components of the Al and Si, and in-  Figure 3 shows multiple scattering calculations of the
creases the densities of tHeomponents at the lower energy LDOS on the eight inequivalent Al atoms in the anorthite
region. crystal. It is seen that the differences in the details are sig-

The triclinic unit cell of anorthite contains 104 atoms, andnificant. Some differences are big enough to affect the EL-
both Al and Si have eight inequivalent sites in the unit cell, NES of the AIL edge. For example, pe#@2 would be broad
respectively® Therefore the LDOS on Al and Si are the if we could only probe the A[1) or Al (2) site; it would be
average over these inequivalent sites, respectively. TableMVery sharp if we could probe the AB) or Al (4) sites, and
lists the bond distance distributions around inequivalent Althe flat A2 could be seen at the Ab) site. Therefore, the
atoms. In anorthite, all the Al and Si are tetrahedrally coor-differences in the second and higher nearest neighbors have
dinated with oxygen atoms. Although the Si-O distances liesignificant effects on the details of the ELNES. This can be
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TABLE I. Bond length distributions of each inequivalent Al atom in the crystal anortthjfgoy , dar.sj
andda.cq) are the average distance®). The values in the parentheses are the coordination number.

d(a-0) diar-siy dia-ca) diaral daro (>2nd

Al (1) 1.74(4) 3.09(4) 3.24(2) 3.80(1) 3.12, 3.45, 3.63, 3.64, ...
Al (2) 1.73(4) 3.09(4) 3.26(2) 3.79(1) 3.18, 3.33, 3.53, 3.57, ...
Al (3) 1.74(4) 3.17(4) 3.60(2) 3.80(1) 3.56, 3.63, 3.66, 3.71, ...
Al (4) 1.74(4) 3.19(4) 3.75(3) 3.79(1) 3.63, 3.65, 3.66, 3.67, ...
Al (5) 1.74(4) 3.11(4) 3.62(2) 4.09(1) 3.31, 3.47, 3.56, 3.63, ..
Al (6) 1.75(4) 3.07(4) 3.56(3) 4.09(1) 3.19, 3.34, 3.552), ...

Al (7) 1.74(4) 3.08(4) 3.66(3) 3.86(1) 3.41, 3.47, 3.53, 3.61, ...
Al (8) 1.74(4) 3.10(4) 3.88(3) 3.86(1) 3.44, 3.51, 3.53, 3.54, ...

interpreted as a longer inelastic mean free gati0 A) at  trum in Fig. 1 show considerable similarity to those in the
low kinetic energie$<20 eV) of the ejected core electréfi.  calculated LDOS on the All) site (Fig. 3), while the last
The excited electron propagates outwards, and is scattered Bgectra are similar to the LDOS on the @) site. Although
the neighboring atoms, which modifies the absorption coefit is difficult to say what this means, it is certain that the
ficient due to the interference between the outgoing and scagverage structure around the Al are different in these
tered wave function8! different areas. The calculations show that the fine structure
In crystals, the specific features of each inequivalent Al the LDOS is only sensitive to the surrounding
(and S) atom contribute equally to the Abnd S) ELNES  a10ms within a radius of~2 nm. Those far away from
under nonchanneling conditions; therefore the average of thg o central atom have insignificant effect on the LDOS, and
LDOS on these inequivalent atoms is sufficient to explain they, s o, the fine structure of the EELS. In our experiments,
ELNES in the crystalsee Fig. 2 However, the “inequiva- however, the illumination volume is much larger, about 50

lent” Al or S|_S|tgs are not nece;garlly evenly.d|str|bu(ed X 50X 50 nn?. Therefore it is reasonable to suggest that
even all exist in the compositionally equivalent glass. . ) . .
long-range  structural  fluctuations exist in this

Therefore, fluctuations in the long-range structure, if it ex- ) . .
ists, can be detected by EELS with moderate spatial resolz80-A:03-2SI0; glass. These results imply that alumino-

tion. silicate glasses may not be an ideally random-packed struc-

Comparing the experimental EELS in the glass with thelUre- Applicat@on of the SCD model glso therefore requires
LDOS calculations, for example, the peaks in the first spec€Xra constraints, such as the selection of “structure form-
ing” operations.

— . . : : . : One of the reasons for solving glass structures is to con-

5 struct atom coordinates in real-space, and to compute its
macroscopic properties. Conceptually, however, it is difficult
to describe glass structures when we obtain different struc-
tures from different areas. Statistical models seem necessary,
such as the use of the autocorrelation function. Therefore, an
extensive study of structural fluctuations at the long-range
level becomes very important. We note that use of the EELS
technique to solve structures is not straightforward. The real-
space distribution of atoms cannot directly be extracted from
the data. Theoretically, the local structure in the glass can be
characterized by comparing experimental data with calcu-
lated EELS spectra computed from trial structures. In prac-
tice, this comparison is not impossible, in view of the excel-
lent agreement now possible in ELNES calculations for
known structures. However, the experimental challenge for
this approach is to achieve much higher spatial resolution.
ELNES with atomic-level spatial resolution has been dem-
onstrated for semiconductors using field emission sodfces,

; but for glasses, electron radiation damage is a major concern,
5 10 15 20 25 30 35 and high electron beam currents must be avoided. This prob-

Energy (eV) lem can be addressed by use of an ultrasensitive electron

spectrometer, based, for example, on an Omega filter and

FIG. 3. MS calculations of LDOS on inequivalent Al atoms. Image Plate recording system to allow transverse integration
Fermi energy is set to be zero. Vertical lines are guides for eyes. of spectra.
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V. CONCLUSION may vary from area to area, resulting in structural fluctua-

In conclusion, we have presented experimental ELNE§Ions at the long-range level in these glasses.
spectra of the Al and Si edges in both anorthite crystals and
glasses, together with multiple-scattering calculations of the
LDOS on the inequivalent Al and Si atoms in the anorthite
crystal. All evidence from the EELS with 50 nm spatial reso- This work was supported by NSF Grant No.
lution supports the conclusion that nearest-neighfsbort- DMR9973894(JCHS P.I). J.Q. acknowledges the financial
range structure does exist in the glass. Second and highesupport from the National Natural Science Foundation of
nearest-neighbor structurémedium-rangg also exist, but China(Grant No. 50125208
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