
tween peaks A and B in Fig. 2B is consistent 
with Alvin observations in December 1993 
of waning hydrothermal activity along much 
of this ridge crest area (31 ). 
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Pressure-Induced Amorphization and Negative 
Thermal Expansion in ZrW,O, 
C. A. Perottoni and J. A. H. da Jornada* 

It has recently been shown that zirconium tungstate (ZrW,O,) exhibits isotropic negative 
thermal expansion over its entire temperature range of stability. This rather unusual 
behavior makes this compound particularly suitable for testing model predictions of a 
connection between negative thermal expansion and pressure-induced amorphization. 
High-pressure x-ray diffraction and Raman scattering experiments showed that ZrW,O, 
becomes progressively amorphous from 1.5 to 3.5 gigapascals. The amorphous phase 
was retained after pressure release, but the original crystalline phase returned after 
annealing at 923 kelvin. The results indicate a general trend between negative thermal 
expansion and pressure-induced amorphization in highly flexible framework structures. 

Pressure-induced amorphization is a phe- 
notnenon of widespread occurrence among 
fratnework structures, and many recent the- 
oretical and experimental investigations 
have been devoted to extendine our under- " 
standing of the underlying mechanisms ( 1 ,  
2). Disordered phases can be generated 
upon compression and decompression and 
even durine indentation hardness tests 12. - 
3). Several mechanisms have been proposed 
to explain the process of pressure-lnduced 
amorphization in solids, including melting 
effects and k~neticallv frustrated ~ h a s e  tran- 
sitions to another crystalline state, as well as 
the failure of some crlterlon of lattice sta- 
bility ( 1 ,  2). Some compounds, including 
ice and s~llcon, that under specla1 condi- 
tions transform to an atnorphous phase un- 
der pressure also exhibit negative thermal 
expansion, at least within a limited range of 
temnerature. Recent col-rmuter simulations 
pointed out the possib~lity of a common 
origin between nressure-induced arnor- 

u 

phiiation and negative thermal expansion 
in tetrahedrally bonded networks (4). 

The remarkable behavior of ZrW208, a 
cuhic comnound that contracts on heating, 

u 

has been known for the past 30 years (5). 
Recent measurements have shown that 

Unversdade Federal do Ro  Grande do Su, lnsttuto de 
Fsca, 91 501 -970 Porto Aeure-RS, BrazI 

-To whom correspondence should be addressed. E-mall. 
jornada@f.ufrgs.br 

ZrW208 exhihits isotropic negative thermal 
expansion over its entire range of stability, 
from 0.3 to 1050 K (6, 7). Thls property 
makes zirconium tungstate an ideal candi- 
date for investigating the relatlon hetween 
contraction on heating and pressure-induced 
arnorphizatlon in fratnework structures. 

The crystal structure of ZrW20, at am- 
bient condlt~ons can be described as a 
framework of corner-sharing ZrOn octahe- 
dra and W 0 4  tetrahedra. In each WO, 
tetrahedron, one of the oxygen atoms 1s 
bonded to onlv one tunesten atom, result- " 
ing in a structure with great flexibility. T h ~ s  
compound undergoes a structural phase 
transition a: about 430 K,  frotn space group 
P2,3 to Pa3, which hardlv affects the nee- 
ati;Te thermal expansion doefficient (6, f i .  
Recentlv. Evans and co-workers showed 
that upon compresslon ahove 0.2 GPa, cu- 
blc ZrW,O, transfortns to a uuenchable 
orthorhorib;'c phase (space grou; P2,2121), 
which also exhibits negative thermal ex- - 
pansion, although reduced by one order of 
magnitude (8). 

The great flexibility of the ZrW,O, 
framework seems to be the key to its unusu- 
al properties (9) .  Because of this high flex- 
ibllity, sotne low-energy vibrational modes 
can propagate through the structure with- 
out distortlon of the ZrOn and WO, huild- 
ing blocks. These vibrational modes, called 
rigid unit modes (RUMS), have been suc- 
cessfully applied to the s t ~ ~ d y  of properties 
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and phase transitions of several framework 
structures (10). In the case of ZrW20,, the 
mechanism proposed to explain the nega- 
tive thermal expansion involves low-fre- 
quency RUMS and QRUMs (quasi-RUMS 
or modes that propagate with slight defor- 
mation of the polyhedral units) with wave 
vectors distributed over a complicated 
three-dimensional surface in reciprocal 
space (9). 

The powder sample of ZrWzOs used in 
this work was prepared according to the 
procedure described in the literature ( 1  1 ). 
The pressure behavior of ZrWzO, was in- 
vestigated at amblent temperature (ahout 
300 K) by -in situ energy-dispersive x-ray 
diffraction (EDXRD) and Ratnan spectros- 
copy (12, 13). Pressure was generated in a 
diamond a n d  cell (DAC) and measured 
with the ruby fluorescence technique (14, 
15). Large samples were processed with a 
toroidal chamber ( 16, 17). 

EDXRD patterns of ZrW208 were ac- 
q~iired for pressures up to 8 GPa (Fig. 1) .  
Except for a shift in peak positions, the 
transition from cuhic to orthorhombic 
phase above 0.2 GPa did not alter the gen- 
eral appearance of the x-ray diffraction pat- 
tern substantially, at least within the exper- 
imental limitations imposed by the resolu- 

10 20 30 40 50 

Energy (keV) 

Fig. 1. EDXRD spectra of ZrW208 at increasng 
pressures in the DAC. Smuated spectra of (A) 
cubc and (B) orthorhombc phases of ZrW20, at 
ambent conditions. Spectra of ZrW208 at (C) 0. 
(D) 0.3. (E) 1 . O ,  (F) 1.8, (G) 2.4. and (H) 3.5 GPa. All 
spectra were normalized to the Zr Ka fluores- 
cence peak at 15.7 keV. Tick marks at the bottom 
of the f~gure indicate the expected positions of the 
Bragg peaks In both cub~c and orthorhombic 
phases of ZrW208 at ambient pressure. 

tion of the energy-dispersive technique. 
The diffraction peaks became progressively 
broadened above 1.8 GPa, and at 3.5 GPa, 
they could not be distinguished anymore, 
indicating that the sample had undergone 
Dressure amornhization. No evidence of fiir- 
ther transformation was observed up to 8 
GPa. Upon pressure release, the high-pres- 
sure amorphous phase was retained at am- 
h~en t  conditions. In ~rincinle, one could 

L ,  

argue that the featureless spectrum in Fig. 
1H could be the result of a laree n~unber of - 
overlapped Bragg peaks from a lorn,-symme- 
try structure, wh~ch were not resolved be- 
cause of the intr~nsically low resolution of 
the experimental technique. To clarify this 
point, we produced a greater amount of 
ZrWz08 in the amo~yhous phase by com- 
pressing cubic ZrW20s at 7.5 GPa, using a 
toroidal high-pressure apparatus ( 16, 17). 
For this compressed sample, a conventional 
angular-dispersive x-ray diffraction pattern 
could be obtained (Fig. 2)  ( 18). The diffrac- 
tion pattern (Fig. 2B) is typical for amor- 
p11ous material and is in colnplete agree- 
ment with the energy-dispersive spectrum 
at 3.5 GPa (Fig. IH) ,  confirming that the 
latter indeed results from pressure-induced 
amornhization. 

Raman spectroscopy was used to probe 
the structure of ZrW,O, at a molecular 

L. <i 

length scale during the pressure-induced 
amorphtzation. Factor group analysis of cubic 
ZrW,O, (space group P213) in the long 
wavelength limit provides a decomposition 

in irreducible representations according to 
1 lA (R) + 11E (R) + 3 2 1  (R, IR), where 
A, E, and T represent nondegenerate, doubly 
degenerate, and triply degenerate optical 
modes, respectively. R and IR stand for Ra- 
man and infrared active modes. resnectivelv. , L 

In the Raman spectra a: ambient conditions 
of a-ZrWzO, (cuhic phase) and y-ZrW20, 
(orthorhomhic phase) (Fig. 3, A and B, re- 
spectively), a total of 13 and 22 Raman 
actlve modes, respectively, were ~dentdled 
above 200 cmp' (Table I ) .  The values for 
the cuhic phase are in excellent agreement 
with those nreviouslv renorted bv Evans et nl. , 
(7); we areIlot aware of previous p~ublicatioll 
of the Raman frequencies for y-ZrWzO,. 

The Raman spectrum of zirconi~~m tung- 
state shows some degree of local disordering 
even at pressures as low as 0.2 GPa. Above 
0.2 GPa, the onset of the cuhic-to-ortho- 
rhomhic phase transition was revealed most 
notably by the splitting of the Raman peaks 
at 735 and 790 cmpl ,  attributed to the 
lowering of tungsten site symmetry from Ci 
in cubic P113 to C1 in orthorhomhic 
P212121. At increasing pressures, the Ra- 
tnan spectrum of ZrW208 became increas- 
ingly diffuse, and ahove 3 GPa, the peaks 
from the orthorhombic phase collapsed into 
two very broad peaks at about 800 and 1000 
cm-' (Fig. 4), indicating pressure-induced 
amorphization. As in the case of the x-ray 
diffraction results, the Ramall s~ectrum af- 
ter pressure release shows that the high- 
pressure amorphous phase is retained at am- 
bient conditions. 

Amoruhous ZrW,O, was annealed at - " 
ambient pressure in air during periods of 1 
hour at increasing temperatures. The sam- 

28 degrees (Cu Ka) 
L/ 
I l l  I I 1 I 

100 200 300 400 500 600 700 800 900 100011001200 
Fig. 2. X-ray dffraction pattern at ambient cond- 
tions of (Ai a-ZrW,O, as ~ r e ~ a r e d  and (Bi amor- Raman shift (cm') 

, , < "  , , , 

phous ZrW208 recovered after compressing Fig. 3. Raman spectra at ambient conditons of 
a-ZrW,O, to 7.5 GPa in a toroidal chamber. The (A) a-ZrW,08 and (B) v-ZrW208 quenched from 
counts in (B) were mutipled by 5. For comparl- 1.0 GPa. Note the spltting of the peaks around 
son, the frst broad maximum in (8) corresponds 750 cm-' In going from the cublc to the ortho- 
to an energy range from 20 to 40 keV In Fig. 1 H .  rhombic phase. 



nle remained in the a~nornhous state UD to data below 1.5 GPa ~rovide anv evidence of 
k73 K. A further increase'in the anneaiing a major change in'the first coordination 
temoerature to 923 K ~romoted the recrvs- nolvhedra. At this stage, some of the " ,  

tallkation of amorphou's ZrW208 to its mig- Q F ~ J M S  eigenvectors could provide an en- 
inal cubic structure. This result indicates ereeticallv convenient route to reduce the 
that the kinetic barrier of recrystallization is frkework volume. In these transversal 
almost as high as that of decomposition of modes, the polyhedral units periodically run 
ZrW208 into ZrO, and WO,. Indeed, by across a transient point of minimal bent and 
heating amorphous ZrW20, to 973 K, we greater volume. Consecluently, the energy 
observed not only recrystallization of the barrier for polyhedra crossing from one ori- 
C L I ~ ~ C  ohase but also decomsosition, as re- entation to another will increase with Dres- 
vealed by the presence of tungsten trioxide sure, leading eventually to a freezing of the 
peaks in the Raman spectrum. polyhedra into particular orientations. Be- 

Both Raman and x-ray diffraction data cause of the natural flexibility of the 
show thay. pressure amorphization of ZrW208 framework, a great number of low- 
ZrW208 occurs progressively, starting at energy phonon states will be populated at 
about 1.5 GPa and extending over a pres- ambient temperature, and the Z r 0 6  and 
sure range of more than 1.5 GPa. The WO, units will be frozen into an orienta- 

t 

amorphization of zirconi~~m tungstate oc- tionally disordered state at increasing pres- 
curs at a oressure far below that of the sure 119). Above 1.5 GPa, further volume ~, 

great majority of the other compounds reduction in zirconium tungstate will occur 
that also ~mdereo oressure amorohization. simultaneouslv with a greater deformation of " L 

We also observed that amorph;zation of the polyhedral units, Teading ultimately to 
ZrW20, can be induced by heavy grinding the collapse of the framework into an amor- 
in an agate mortar. phous high-pressure phase, probably accom- 

Our results, the presence of QRUMs in panied by changes in cation coordination, as 
ZrW208 (9), and the relatively small bulk suggested by the high kinetic barrier of re- 
modulus of cubic and orthorhombic nhases cwstallization of the amornhous ohase. In 
(8) all suggest that the compression mecha- this scenario, negative thermal e'xpansion 
nism in ZrW208 up to 1.5 GPa should in- and pressure-induced amorphization are 
volve both polyhedral tilting and slight dis- both related to the intrinsic high flexibility 
tortion of the oolvhedral units, without bond of the ZrW,O, framework. 

L "  

breaking.  his hiPothesis is supported by the The observed amorphization at relative- 
fact that neither x-ray diffraction nor Raman ly low pressures of zirconium tungstate, a 

medium; w, weak; v, very; br, broad. 1 ,,/ 'LA,, 
Table 1. Raman frequencies of a-ZrW,O, and 
y-ZrW,O, at ambient conditions. s, strong; m, 

Raman shift (cm-I) 

A 

746 m 
774 m 
795 m 
816 w 
841 m 

860 w 867 m 
887 w 
902 m 902" w 

919vw 
930 m 931" w 
969 w 974 m 

982 w 
1019 w 1018 m 
1029 m 1033 m 

"Probable contamnaton of cubc phase not transformed 
or reconverted by iaser heatlng 

I I I i 
600 700 800 900 1000 1100 1200 

Raman shift (cm") 

Fig. 4. Pressure dependence of the Raman spec- 
tra of ZrW,O,, (A) Sample at ambient conditions. 
Spectra taken in the DAC at (B) 0.22, (C) 0.75, (D) 
1.6, and (E) 3.2 GPa. (F) Spectrum at zero pres- 
sure of the sample recovered after compressing. 

mixed tetrahedral-octahedral network 
structure, extends previous model predic- 
tions restricted to tetravalent networks (4) 
and suggests a general trend between nega- 
tive thermal expansion and pressure-in- 
duced amorphization in highly flexible 
framework structures. 
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Self-Trapping of Dark Incoherent Light Beams 
Zhigang Chen, Matthew Mitchell, Mordechai Segev, 

Tamer H. Coskun, Demetrios N. Christodoulides 

"Dark beams" are nonuniform optical beams that contain either a one-dimensional (1 D) 
dark stripe or a two-dimensional (2D) dark hole resulting from a phase singularity or an 
amplitude depression in their optical field. Thus far, self-trapped dark beams (dark 
solitons) have been observed using coherent light only. Here, self-trapped dark inco- 
herent light beams (self-trapped dark incoherent wavepackets) were observed. Both dark 
stripes and dark holes nested in a broad partially spatially incoherent wavefront were 
self-trapped to form dark solitons in a host photorefractive medium. These self-trapped 
I D  and 2D dark beams induced refractive-index changes akin to planar and circular 
dielectric waveguides. The experiments introduce the possibility of controlling high- 
power coherent laser beams with low-power incoherent light sources such as light 
emitting diodes. 

Solltons have been ~ntenslvely exolored in , . 
many areas of physics. In optics, a soliton 
f o r m  when an optical wavepacket (a  pulse 
or a beam) propagates in a nonlinear medi- 
um while maintaining a constant shaoe 
without broadening. This is due to a bal- 
ance between disoersion ( in  time) or dif- 
fraction (in space) and nonlinear "lensing" 
effects. In the spatial domain, self-trapping 
of a bright (or dark) optical beam can lead 
to a soatial soliton when the beam diffrac- 
tion is counteracted by light-induced self- 
focusing (or self-defocusing). Thus far, self- 
trapping of dark beams ( I ) ,  in the form of 
1D dark stripes (2-6) or 2D "holes" (7-1 I ) ,  
has been observed using spatially coherent 
light only. Nature, however, is full of inco- 
herent light sources. In fact, most natural 
sources of e l e c t r o m a ~ ~ ~ e t i c  radiation etnit 
light that is incoherent either spatially or 
temporally, or both. Until  recently, the 
commo~lly held impression was that soli- 
tons are exclusivelv coherent entities. Our 
group, however, has experimentally demon- 

strated that an incoherent light source can 
excite incoherent bright solitons in a non- 
linear photorefractive medium (12, 13). 
These were the first observations of self- 
trapped incoherent wavepackets in nature. 
Incoherent solito~ls are altogether new en- 
tities, because their phase distribution is 
random. Following the observations of 
bright incoherent solitons, a natural clues- 
tion arises: Can  such incoherent beams also 
support dark solitons? 

O n  the basis of kllowledge of coherent 
dark solitons ( I ) ,  one may speculate that the 
transverse phase also plays a crucial role for 
incoherent solitons. Fundamental 1D coher- 
ent dark solitons require a transverse .rr phase 
shift at the center of the dark stripe, whereas 
an initially uniform transverse phase leads to 
a Y-junction soliton. Furthermore, 2D co- 
herent dark solito~ls (vortex solitons) require 
a helical 2mn transverse phase structure 
(m = integer). Extending the idea of dark 
coherent solitons to dark i~lcohere~lt solitons 
raises several questions. If dark incoherent 
solito~ls were to exist, is their ohase structure 
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though it has been shown both experirnen- 
tally (12, 13) and theoretically (14-18) that 
bright incoherent solitons exist, the exis- 
tence of dark incoherent solitons is not at all 
clear. However, we found numerically (19) 
that when a dark stripe-bearing incoherent 
beam is launched into a noninstantaneous 
nonlinear medium (a biased ohotorefractive 
crystal), the beam undergoes considerable 
evolution but eventually stabilizes, with 
some small oscillatory "breathing," around a 
self-trapped solution. Surprisingly, we found 
that a single dark incoherent soliton requires 
an initial transverse TT phase jump and that 
the dark incoherent soliton is always gray. In 
addition, in the extreme case of a very broad 
dark beam, Hasegawa found a closed-form 
solution for dark incoherent solitons in plas- 
mas (14). These theoretical results, although 
not providing ansniers to the questions raised 
above, do suggest that dark incoherent soli- 
cons should exist. 

Here, we report the experimental obser- 
vation of self-trapping of dark partially spa- 
tially-incoherent light beams in the form of 
1D dark soliton stripes and 2D soliton 
holes. T o  our knowledge, this is the first u ,  

observation of self-trapping of dark incoher- 
ent waveoackets in nature. 

A spatially incoherent beam is a "speck- 
led" multimode beam of which the instanta- 
neous intensity pattern consists of many 
speckles that vary randomly in time. Such an 
incoherent beam cannot self-trap in an in- 
stantaneous nonlinearity. If an incoherent 
beam is launcl~ed into an instantaneous non- 
linear medium (for example, optical Kerr me- 
dium), each speckle forms a small lens and 
captures a small fraction of the beam, thus 
completely fragmenting the beam's envelope. 
O n  the other hand, if the nonlinearity is 
noninstantaneous with a response time that 
is much longer than the phase f luc t~~a t io~l  
time across the beam, then the medium re- 
sponds to the time-averaged envelope and 
not to the instantaneous "speckles." There- 
fore, for an incoherent soliton, a noninstan- 
taneous nonlinearity is required (1 6). A con- 
venient choice for produci~~g this state is 
photorefractive materials for which the opti- 
cal illumination co~ltrols the response time of 
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