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Thermally poled silica samples are structurally heterogeneous:
Electron diffraction evidence of partial crystallization
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Large structural modifications in-SiO, are found to be induced by “thermal poling,” a treatment
which makes the glass act as a frequency doubler of an impinging infrared light. The electron
diffraction patterns of poled silica plates reveal the presence of a large arfwdworder 10% of
crystallites showing patterns consistent with partial crystallization of the glassy matrix into the
cristobalite polymorph of silica. €2001 American Institute of Physics.
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It has been known since 1986 in Gg@oped SiQ into a cristobalite polymorph of silica appeared as a reason-
glass! that optical fibers may act as frequency doublers ofable possibility.
infrared high-power laser light converting part of the radia-  The present letter reports some further steps into the
tion field into higher-frequency green light. The occurrenceclarification of this interesting puzzle. Here, we provide di-
of second harmonic generatidSHG) is ruled out in cen- rect evidence of deep structural alterations induced by ther-
trosymmetric materials such as the amorphous core of amal poling in silica plates by means of inspection of poled
optical fiber and in fact, the bullamorphous silicamaterial and native samples by electron microscopy.
shows no measurable second-order optical susceptibility A JEOL 4000EX operating at an accelerating voltage of
x?. The quest for a permanegt? in optical glasses led to 400 keV was used for transmission electron microscopy
a large research effort, since such materials may be used {(TEM). Thin glass plates were prepared following proce-
the future for the development of inexpensive integrated opdures described previouél§ and samples for TEM were
tical frequency converters and electro-optic modulators. Thisnade by abrasion of the surface of the plates with a diamond
effort has lead to the discovery of alternative preparatiorscribe. Samples were taken from both, the anode and cathode
schemes such as “thermal” polifgvhich are able to pro- surfaces. Fragments were collected on lacey carbon support
vide permanent conversion efficiencies comparable to thosfims. Pieces several microns in size which extended over a
shown by the best inorganic crystals. Thermal poling conhole were examined. In this fashion selected area electron
sists of the application of a dc fielt~5 kV, just below diffraction patterns were collected from unsupported glass
dielectric breakdownto glass plates which are kept at mod- samples with a typical thickness of 1000 A. The electron
erate temperaturgs-540-580 K, compared with-=2000 K peam is incident approximately normal to the thin sample.
where the glass mejtsor a few minutes. Since the electron wavelength at 400 keV is 0.016 A, the

The most widely accepted explanation for the diffraction patterns closely approximate a two-dimensional
phenomenohdid not invoke structural modifications within slice through reciprocal space normal to the electron beam
the glass to accomplish the breakdown of its radial symmesirection. Diffraction patterns were recorded on a cooled
try. Rather, it postulates the emergence of a dc figjdfro- charge coupled device camera and then radially averaged.
zen in” to a depth of a few microns below the anode surfaceThe reciprocal lattice coordinat@ was calibrated by assum-
A static field such as this, induces, via a third-order nonlin-ing that theS(Q) has peaks in the same positions for an
earity [x®], a second-order nonlinearitly®=x®Ey],  amorphous standard silica rod. The experimental accuracy
able to double the pump frequency. The estimate of the derebtained in this fashion iss10%. Dark field microscopy, for
sity of ionizable defects required to develop such a spacesxample Fig. 1, was used to examine the shape and distribu-
charge is a mere few parts per million. Recently, neutrortion of crystalline material found in some of the samples.
diffraction and inelastic scatterifipave shown that the glass This involved the use of an objective aperture placed on a
structure of “poled” silica plates as described by thé) powder diffraction ring. Bright field microscopy, where the
radial distribution functions, becomes anisotropic and sig-aperture is placed on the unscattered beam, was used to ex-
nificantly differs from that of native samples. From data onamine the shape and thickness of the abraded amorphous
hand at the time, crystallization of part of the glassy matrixfragments.
Native samples showed the expected diffuse rings from

aAuthor to whom correspondence should be addressed, electronic maiRMorphous Si”_Cf_i- After poI_ing, _a” samples showed powder
jaj@anl.gov patterns containing crystalline rings on an amorphous back-
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TABLE I. Indexed diffraction rings and their position together with the two
known modifications of cristobolite.

Measured Alpha X-ray Beta X-ray
dA) d (@A) intensity d (@A) intensity
3.8 4.0 100 4.1 100
2.2 2.5 13 2.5 16
1.9 1.9 4 1.9 4
1.4 1.4 2 1.4 3
1.3 1.3 1 1.3 2
1.1 1.1 1 1.1 2

tween the anode and the cathode sides was detected.

The distribution of crystallites is best examined in real
space. Figure 1 shows a dark field image taken from one of
the diffraction rings in a poled sample. Diffuse scattering
makes a shard of glass visible in the upper right corner with
the lacey carbon support in the background. Crystallites such
as those indicated with the arrow in the inset of Fig. 1 are
revealed as localized brighter regions of the order of 500—
1000 A in size. From the image, it is clear that the crystal-
FIG. 1. A dark field image taken with a crystalline diffraction ring from a lites are embedded in an amorphous matrix. Crude estimates
poled sample. The inset shows a magnified image of a typical crystal. ~ Of the crystalline volume fraction show it to be of order of

magnitude 0.1. Unfortunately, the plates were too thin for a
) , . cross section study of the crystallite distribution. In this re-
ground.. An .example dlffract!on patt.ern OT a p_oled samplg ISspect, from the measurements we can only conclude that the
shown in Flg..2. Th,? pr'om.ment.d|ffract|on rngs wWere n- ¢4 mation of crystallites is not restricted to the surfaes.,
dexed and thelr.p'osn'lon is |IS'[§d in Tgble I'together with the,[0 the last or few last atomic layarsThe possibility that the
two known modifications of cristobalite. Given the 10% er- crystallites observed are a consequence of either electron

ror b_ars, bOt.h thex- and p-cristobolite phas?s of silica ar€ heam radiation damage or specimen preparation is ruled out
consistent with the data, the former appearing to be marging, o se they were never seen in the native material.

ally closer to the present data. Note that intensities are not With regard to the precise mechanism which leads to
always reliable in electron diffraction due to dynamical scat-yavitrification under thermal poling, the data at hand only

tering which would certainly be significant in crystals of opapie ys to speculate. From knowledge pertaining to other
SSO_lfOOO dA thlpknegs. Systemiamc absc;nces c(;jould bea r_ez?@lssy systemswe expect that partial-ordering transforma-
of preferred orientation. We always observed symmetricagi,,« \reaking the isotropy of the glass may be triggered by

ring intensit?es in a rar!domly qriented set of samples, Whicr1he combined effects of the perturbing dc field and tempera-
WOUId. be_ highly coquent_al If texture was present. CIO_Seture. In fact, electric field enhancement of crystallization
examination of the diffraction patterns reveals the coexisty o solid amorphous phases has been recently

ence of crystg_llites with an amorphous phase V.VhiCh WE 839emonstrated.Other athermal mechanisms, such as UV ra-
sume to be silica. No evidence of an obvious difference beEiiation have also been found to produce small crystallites in
glass’® This comes as a consequence of the metastable na-
ture of glassy matter which makes it prone to relax into
structures having similar stability. For Si@he B-cristobalite
form of crystalline silica appear as a feasible canditiate
temperatures comparable to those needed to heat the sample
up for the “poling” to be efficient(=560 K). It has a mac-
roscopic density2.20 g cni®) matching that of the glass, a
highly symmetric cubid=d3m structure and a large disorder

of dynamic naturé? Further support for this scenario is lent
from a recent interpretatidh of the phase transformations
between Si@Qin which the whole set of stable crystal struc-
tures may be derived from a common body centered cubic
structure. Precisely, the optimal “poling temperatureg,
~540-580K correspond to an interval whe8eristobalite

is the most stable form of Siat such densities. Later on, as
the material is left to cool down to ambient and the poling
fields are finally removed, one expects that a first-order phase
transition occurs centered ai533 K. Below the transition
FIG. 2. Selected area diffraction pattern showing crystalline rings from at€Mperaturex-cristobalite becomes the stablest form. Sym-

poled silica sample. metrywise, this crystal may be described as a tetragonal
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P4,2,2 chiral (noncentrosymmetrjdorm 1%*2its formation ~ both types of cristobalite would contribute to the enhance-
from the B-cristobalite cubic structure involves a substantialment. In any case, the present finding demonstrates that, con-
shrinkage of some of the unit cell parametErs, fact that  trary to previous beliefSthe glass structure is deeply altered
may well explain the large brittleness shown by most matewhen it is subjected to thermal poling. Furthermore, our find-
rials after poling. In this respect, it should be mentioned thaings are on a well characterized material such as high-purity
the possibility of partial crystallization in thermally poled silica glass, an important issue regarding the clarification of
fused quartz has been previously reporté@ihe presence of the basic mechanisms leading to the effect.

nanocrystals were inferred only by a small peak and a peak
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