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We have measured x-ray diffraction from a disordered phase qf @emed by reversible pressure-induced
amorphization above 33 GPa. These are the first quantitatistu diffraction measurements on a pressure-
amorphized material, and they show that the x-ray scattering from disordergdi@eficantly exceeds that of
conventional amorphous materials. For this phase, the peak positions in the structureSEQjdrrgsemble
low-pressure Bragg diffraction and the interatomic correlatid@ér] are similar to the low-pressure crys-

talline structure over distances of 16 50163-18297)09301-6

In recent years, there has been considerable interest in the
properties of pressure-induced amorphizatiofi. These
transitions appear to involve direct transformation of crystal-
line to amorphous materials through increases in pressure at
kinetically low temperatures. Some of the transitions are
reversible®” In general, structural measurements on
pressure-amorphized phases have been indirect. All struc-
tural measurements by diffraction have been performed on
guenched materials at ambient pressures and there have been
no quantitativejn situ diffraction measurements on an amor-
phized phasé*1"18Such information is critically needed to
understand the transformation mechanisms in pressure-
induced amorphization and to assess the nature of amor-
phized materials compared to crystalline materials and con-
ventional glasses.

Recently, techniques have been developed to allow struc-
tural measurements of amorphous materials at high pressures
using synchrotron x-ray diffractiof?. Here we apply these
methods to a study of pressure amorphized,GEhe revers-
ible amorphization transition in Gehas been well charac-
terized by measurements of x-ray diffraction, dsbauer
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FIG. 1. Evolution of the diffraction pattern for Getith in-
creasing pressure, indicated in GPa. The patterns are displayed at
equivalent relative intensities. Above 24.7 GPa, the crystalline dif-

. . fraction pattern is replaced by a mixture of broad peaks on an un-
spectroscopy, extended x-ray-absorption fine structure, arglijating background. By 38.0 GPa, the diffraction pattern is com-
electrical conductivity>?° Gel, is an ideal compound to prised of extremely broad peaks. The vertical arrows show the 222

study with x-ray diffraction because of its relatively high line, which is the strongest reflection at ambient conditions.
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FIG. 3. Average pair distribution functionG(r)] for Gel, at
FIG. 2. Faber-Ziman structure facta®(Q), for Gel, at 38.0  38.0 and 11.0 GPa determined from the sine transform of the struc-
GPa(on compressionand 11.0 GP#on decompressionThere is  ture factor S(Q)]. I-I correlations constitute approximately 80% of

greater noise in the signal at 11.0 GPa because of a shorter acquile signal. The vertical lines and arrows show the I-I distances for
sition time compared to 38.0 GPa. crystalline (Pa3) structured Gelat 38.0 GPa scaled to the first

peak inG(r). The arrows indicate atomic pairs that produce no
. . o Bragg diffraction due to interference effe¢®00, 310, and 100
chemical simplicity(only two types of atoms and structural
S|mpI|C|ty_ (cubic, Pa3 space group _ _ ) We obtain the Faber-Ziman structure factoB(Q)],
For this work, we measured energy dispersive x-ray dif\yhich is the normalized coherent scattering, from our dif-
fraction spectra from Gglin the diamond anvil cell on in-  fraction data using the relation
creasing and decreasing pressure between 0 and 38 GPa. The

experiments were performed at the superconducting wiggler 1(Q)—(f2(Q))
beamling(X-17C) of the National Synchrotron Light Source. S(Q)= Q) +1, D

A sample of GeJ was compressed without a pressure me-

Compton scattering. Detailed diffraction measurements oRINd(f?(Q)) are the square of the average and average of the
the high-pressure phase of Gelere performed at 38 GPa squared atomic scattering factors for @eScaled in this
and on decompression at 11 GPa. For these measuremer{ganner, the diffraction spectra at 38 GPa consisted of a
energy dispersive diffraction spectra were measured at scadingle large peak a®~2.5 A~ with lower intensity peaks
tering angles in the range 6520<20°. For each measure- 5t 4.0 and 4.9 A (Fig. 2. ForQ>6 A1, the spectra were
ment, the Compton scattering from the diamonds were subteatureless. On decompression to 11 GPa, the spectra were
tracted, the continuum of escape peaks were removed, amffoadly similar, though the peaks were shifted to smaller
the intensities were normalized to the measured source spegajues ofQ, corresponding to larger interatomic separations
trum for the synchrotron. The individual measurements agFig. 2). At 11 GPa, the first diffraction peak occurs at 2.1
each 2 were then combined and averaged to form a singleA 1 The change if5(Q) for Gel, suggests that the struc-
x-ray spectrum over the range<Q<12 A™*. Throughout tural response is largely elastic between 38 and 11 GPa. This
the experiment, pressures were measured with the ruby flugrehavior is in contrast to the dramatic changeS(@Q) for
rescence scale. Because fisla soft material, we estimate SjO, associated with changes in coordination and medium-
that the maximum pressure variation over the x-rayed samplgange order at high pressurés.
(15-25um in length was less thant0.1 GPa. Scaling the results to the relative intensity scale(bf

We recorded diffraction from Gglat 0, 2.3, 8.0, 19.9, shows that the height of the first diffraction peak from the
24.7, 33.5, and 38.0 GPa on compression. On decomprekigh-pressure phase is extremely large compared to that of
sion, diffraction was measured at 11.0, 3.0, and 0.3 GPaonventional amorphous materials.g., liquids and melt-
Consistent with previous results, our measurements show guenched glasspsAt 38 GPa, the magnitude of the first
pressure-induced transition between crystalline,Geld a peak inS(Q) (~10) is 2—3 times the intensity of the first
disordered structuréFig. 1). In the present experiments, we strong diffraction peak ir5(Q) for a wide range of liquids
observed a mixture of these phases between 24.7 and 33ahd melt-quenched glasségg. 2).2* The height of the first
GPa on increasing pressure and that the transition was comeak at 11 GPa is similarly discrepant. Detailed comparisons
plete by 38 GPa. Again, in agreement with previous work,between the results for the crystalline and high-pressure
we find that the crystal-glass transition is reversible; on dephases show that the integrated intensity of the first diffrac-
compression Gglrecrystallizes between 3.0 and 0.3 GPa. tion peak at 38 GPa is within 25% of the strongest Bragg
In detail, the pressures for the transitiqosystal—glass and reflection at ambient conditior{222). At 38 and 11 GPa, the
glass—crysta), the region over which the mixed phase oc- peak positions ir§(Q) are also consistent with the strongest
curs, and the elastic compression for the crystalline phasdiffraction lines of crystalline Ggl Specifically the first
were consistent with previous resulfs. three peaks at 2.51, 4.0, and 4.9%can be indexed as 222,
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440, and 622/444. Assuming the peaksS{(Q) correspond Thus, we conclude that the amorphization transition for,Gel
to Bragg diffraction, and fitting linewidths to the Scherer arises from a reversible change in only the long-range order
equation, we obtain a correlation length 82 A. with increasing and decreasing pressure.

Structural details of the high-pressure phase are provided previous studies indicate that the high-pressure transition
by the sine transform of the structure factor. Specifically, thg, Gel, is driven by a change in the-ll bonding associated
average pair correlation functiorG{r)], which describes it metallizationi>2° The present diffraction results show
the atomic distribution, is given by that this electronic transition is associated with a loss of the

2 e long-range order of Ggl This conclusion is reasonable
G(r)= ;j Q(S(Q)—1)sin(Qr)dr. (2)  given that metallization largely affects the intertetrahedral
0 bonding of the molecular crystal. It is also consistent with
Because Gglcontains more than one type of ato@(r) is  the reversibility of the crystal-glass transition at room tem-
a convolution of all the Ge-Ge, I-1, and G-I correlations, andperature: the transformation could occur with small atomic
it does not allow a direct measure of the coordination statedisplacementgless than~2 A).

However, due to the large differencednbetween | and Ge,  Qpservations of antiferromagnetism in  pressure-

and the stoichiometry of Gglthe I-I correlations contribute amorphized Fs8i0, (fayalite) suggest similar length scales
~ 0, i i . .

to ~80% of the signal irG(r). of ordering to that of Gglat high pressureg~10—20 A.1°

At 38 GPa, the first peak iG(r) shows that the iodine

S . Also, recent high-pressure Raman measurements are consis-
radius is~1.6 A (i.e., 3.2/ and that there are structural gn-p

correlations to distances as large as 16-&y. 3). The extent '[A(\alr;towighl etﬁtensl;ve crys';alllmtyt_tmt_ prt(af;uret-_am(()jrpthlzfed
of ordering is large compared to the atomic radii, and it is 4. I the absence of quantitative difiraction data for

suggestive of significant short- and medium-range orderin§ther amorphization transitions, we are cautious about gen-
in the structure. A comparison betwe@{r) and the ex- eralizing our observations of extensive short- and medium-

trapolated interatomic distances in crystalline Gshows range ordering for all materials formed by pressure-induced
they are similar at 38 GP@ig. 3), suggesting that the high- amorphization. Further structural measurements will be re-
pressure phase and the original crystalline phase are closedired to resolve this issue.

related. Notably, the atomic pairs that produce weak Bragg , ) ,

diffraction are absent fror(r) (hkl of 200, 310 and 100 This work was supported by the National Science Foun-
Combined with the observations of strong diffracted intensi-dation, the Carnegie Institution of Washington, the UM-
ties and the spacing of the peak position${®), the results Research Board, and the Research Corporation. We thank T.
for G(r) suggest that the pressure amorphized phase of GePuffy, L. Finger, R. Jeanloz, C. Prewitt, and M. Somayazulu
retains the structure of the parent crystalline phase to digor helpful comments and discussions, and Jingzhu Hu for
tances of~16 A (one-half the Scherer correlation length technical assistance.
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