
CdS will occur when the chemical poten- 
tials of the solid and liquid phases are equal. 
If the assumption of a three-phase equilib- 
rium between a spherical solid particle, a 
liquid particle of the same mass, and vapor 
is made, changes in T, compared to that of 
the bulk are given by (5) 
Tb - Tm= 

where Tb is the bulk melting temperature, 
T, is the melting temperature for a particle 
of radius R, L is the molar latent heat of 
fusion, and y and p are the surface tension 
and density, respectively. All parameters for 
this equation are known or are reliably esti- 
mated, with the exception of the surface 
tensions. A fit of Eq. 1 to T, as a function of 
reciprocal particle radius yields a difference 
in surface tensions ysol - yliq of 0.42 N m-'. 
Thus, if either surface tension is determined 
independently, both are known. 

The surface tension of the solid can be 
obtained from the contraction of the lattice 
with decreasing size at room temperature 
(Fig. 3). The slope of this plot is related to 
r by 

where K is the isothermal compressibility 
( K ~ ~ ~  = 1.56 x lo-'' m2 N-I). High- 
pressure studies have shown that the iso- 
thermal compressibility of the nanocrystals 
is the same as for the bulk (26). These plots 
yield a value of ySol(l 11) for capped parti- 
cles of 1.74 k 0.11 N m-', whereas ySol for 
the bare nanocrystals is 2.50 N m-' (Fig. 
3). This compares with an experimental 
bulk CdS,,,,, surface tension of 0.750 N 
m-' (27, 28) and a calculated value of 
0.865 N m-' (29). The fit of Eq. 1 is 
obtained with a value for ysol - yliq of 0.42 
N m-' and the values of pSol and L, which 
are 4830 kg mP3 and 50.6 kcal mol-', 
respectively. The density of liquid CdS is 
assumed to be 4200 kg mP3. The large 
increase in surface tension for CdS nano- 
crystals, compared to that of the bulk, is 
consistent with observations in metallic 
systems such as A1 (30), Pt, and Au (31). 
Surface stress coefficients for the (422) faces 
of Pt and Au are 4.44 and 3.19 N m-', 
respectively, whereas the corresponding 
bulk surface tensions are approximately 3.1 
and 1.8 N m-'. Solliard and Flueli have 
argued that this increase in surface tension 
for the nanocrystals, compared to that of 
the bulk, is attributable to a weak dilation 
of the surface (3 1). 

The marked reduction in T, for semicon- 
ductor nanocrystals has several important 
implications. First, the optimum annealing 
temperature for preparation of high-quality, 

defect-free nanocrystals can be expected to be 
a small fraction of the bulk annealing temper- 
ature. Second, the ability to fuse nanocrystals 
to form a film at relatively modest tempera- 
tures indicates that nanocrystals may provide 
a new low-temperature route to thin-film 
growth. Finally, as the dimension of active 
domains is reduced to the nanometer length 
scale, the thermal stability of the new devices 
may be limited. Large changes in the phase 
diagram as well as in the electronic properties 
must be considered in semiconductors of re- 
duced dimensionality. 
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Pressure-Induced Coordination Changes in 
Alkali-Germanate Melts: An in Situ 

Spectroscopic Investigation 
Daniel L. Farber and Quentin Williams 

The structure of liquid Na,Ge,O;H,O, a silicate melt analog, has been studied with Raman 
spectroscopy to pressures of 2.2 gigapascals. Upon compression, a peak near -240 
wavenumbers associated with octahedral GeO, groups grows relative to a peak near -500 
wavenumbers associated with tetrahedral GeO, groups. This change corresponds to an 
increase in octahedral germanium in the liquid from near 0% at ambient pressures to >50% 
at a pressure of 2.2 gigapascals. Silicate liquids plausibly undergo similar coordination 
changes at depth in the Earth. Such structural changes may generate decreases in the 
fusion slopes of silicates at high pressures as well as neutrally buoyant magmas within the 
transition zone of the Earth's mantle. 

Pressure-induced changes in the coordina- 
u 

tion number of silicon from four- to sixfold 
with respect to oxygen profoundly alter the 
physical and chemical properties of miner- 
als in the deep Earth (1 ) .  However, com- 
parable structural changes in silicate melts 

Earth Sciences Board and Institute of Tectonics, Uni- 
versity of California, Santa Cruz, CA 95064. 

have only been inferred to occur at high 
pressures. Resolving the structure of melts 
at high pressures and temperatures requires 
actual experiments on pressurized, high- 
temperature liquids. We describe spectro- 
scopic measurements made on a silicate- 
analog (germanate) liquid in situ at simul- 
taneous high-pressure and high-tempera- 
ture conditions. 
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Coordination changes in silicate melts at - 
high pressures have been previously inferred 
to occur on the basis of five primary lines of 
indirect evidence: (i) from molecular dynamic 
simulations of compressed silicate liquids (2- 
4); (ii) from studies of glasses compressed at 
ambient temperature (5-7); (iii) from the 
probing of glasses formed by fusion at high 
pressures and quenched to ambient pressures 
and temperatures (8, 9); (iv) from the vol- 
umes of shock-compressed silicate melts at 
high pressures (10, 11); and (v) from infer- 
ences derived from fusion-curve analysis (1 2). 
However, each of these lines of evidence for 
changes in coordination is ambiguous. The 
results of molecular dynamic simulations vary 
depending on the interatomic potential used 
(2-4, 13, 14). In addition, simple compres- 
sion of elasses at 300 K is unlikelv to access 

u 

fully the equilibrium structural state of com- 
pressed liquids (6, 9, 15). Also, glasses 
quenched to ambient conditions do not fully 
preserve their high-pressure structures (5-7). 
Finally, volumetric measurements and ther- 
mochemical analysis of melting curves pro- 
vide no direct constraints on the actual 
microstructure of melts. 

We examined liquids of the composition 
Na2Ge20,.H20 at high pressures and temper- 
atures with Raman spectroscopy (1 6, 17). 
The rationale for studying this composition is 

GeO, 
octahedral 

vibrations 

b - 
In 

B - 

200 300 400 500 600 

Wavenumber (cm-I) 

Fig. 1. Representative in situ high-pressure 
Raman spectra of liquid Na2Ge,0,.H20 span- 
ning a pressure range of 0.8 to 2.2 GPa at 
temperatures of 1040 ? 20 K. The modes 
correlated with octahedral germanium (GeO,) 
increase in amplitude relative to those attribut- 
able to germanium in tetrahedral (GeO,) coor- 
dination. 

threefold. First. germanates are known to . - 
undergo polymorphic transitions similar to 
those in silicates, but at lower pressure condi- 
tions; therefore, germanates have been exten- 
sively used as analogs for high-pressure silicate 
structural polymorphism (1). Second, the ze- 
ro-pressure liquidus phase and glass of this 
composition both contain germanium in oc- 
tahedral coordination (1 8). As such, this 
composition is plausibly at the cusp of under- 
going a pressure-induced coordination change 
at ambient pressure, and we expected that 
profound structural changes would occur in a 
moderate pressure range. Third, at tempera- 
tures greater than -1070 K in air, the win- 
dows of externally heated diamond anvil cells 
decompose to graphite. Therefore, we ana- 
lyzed a relatively low melting temperature 
hvdrous melt in order to generate a melt " 

uncontaminated by coexisting crystals within 
our pressure-generating apparatus. Our ratio- 
nale for examining a germanate melt was thus 
related to the comoarativelv low oressures and 
temperatures at which these liquids are antic- 
ipated to undergo major structural changes. 

The Raman spectra of Na2Ge20,-H20 
liquid exhibited extreme changes as pres- 
sure was increased (Fig. I). In particular, 
the intensity of a band near 240 cm-' 
increased with pressure, while the ampli- 
tude of a band initially centered at 510 
cm-' decreased. The band near 500 cm-' 
is associated with bridging Ge-0-Ge tetra- 
hedral linkages, whereas the band near 250 
cm-' has been olausiblv attributed to octa- 
hedrally coordinated germanium on the 
basis of Raman soectra of both crvstalline 
and amorphous germanates (1 9). The pre- 
cise atomic displacements involved in this 
latter vibration are ill-constrained; howev- 
er, by analogy with the vibrational spectra 
of a range of octahedral species, it could be 
associated with bending vibrations of the 
GeO, octahedra. We thus interoret these u 

spectral changes to represent a gradual in- 

Pressure (GPa) 

Fig. 2. Estimated percentage of octahedral 
germanium as a function of pressure. The stip- 
pled region represents the uncertainty in the 
estimated relative scattering cross sections of 
tetrahedral and octahedral germanium, while 
the dashed horizontal line represents the per- 
centage of octahedral germanium found in the 
equilibrium liquidus phase. Na,Ge,O,,. 

crease in the amount of octahedrally coor- 
dinated germanium (GeV1) in this melt 
with increasing pressure [and a correspond- 
ing decrease in the fraction of tetrahedrally 
coordinated germanium (GelV)] (20). 

We estimated the relative amounts of 
octahedral and tetrahedral germanium in 
the liquid by determining the relative Ra- 
man scattering cross sections of these two 
species from spectra of Na2Ge20, glass at 
ambient pressure from the amounts of GeV1 
in these glasses determined from x-ray and 
neutron-scattering studies (21) (Fig. 2). It is 
apparent from this analysis that the propor- 
tion of GeV1 within the melt increased sys- 
tematically with increasing pressure. Notably, 
even our most conservative estimate of the 
amount of Ge"' present within the melt at 2.2 
GPa is greater than the amount present in the 
liquidus phase Na4Ge,02, (1 8). 

Changes in bond angle represent one of 
several mechanisms that could explain the 
dramatic densification of silicate melts with 
pressure (10, 1 1, 22). O ~ i r  data do not 
preclude such changes in bond angle as a 
possible subsidiary mechanism of liquid ger- 
manate compression but rather document 
that the primary compressional mechanism 
in Na2Ge20, liquid between 0 and 2.2 GPa 
is the change in coordination from GelV to 
GeV1 (23). Similar coordination changes 
have been observed in silicate and ger- 
manate glasses, but under more extreme 
pressures and at ambient temperature (5- 
7). However, in the pressure range below 5 
GPa, the dominant compressional mecha- 
nism in glasses seems to be a reduction of 
the Ge (Si)-0-Ge(Si) angle (5-7). 

The maintenance of a relatively uniform 
peak width (24) in the high-pressure, high- 
temperature liquid spectra (Fig. 1) suggests 
that these high-pressure liquids maintain 
reasonably well-defined coexisting fourfold 
and sixfold coordinate soecies. This con- 
trasts with the behavior of compressed glass- 
es, which clearly undergo major tetrahedral 
distortions at high pressures; these distor- 
tions plausibly culminate in an increase in 
average silicon or germanium coordination 
(5-7). Thus, it appears that the added struc- 
tural deerees of freedom available to the u 

liquid allow a continuous (and, within our 
resolution. uniform) rate of increase in the 
number of octahedra present relative to tet- 
rahedra. The observation of a continuous 
change in the coordination of germanium in 
these compressed liquids is consistent with 
previous predictions based on compression of 
glasses (6) and on molecular dynamic simu- 
lations of silicate liquids (24) .  Further- 
more, these two species coexist over a large 
volume range; we estimate that this liquid 
underwent about 8.5% volume compression 
between 0 and 2.2 GPa (25). 

These data provide a structural basis for 
many of the inferred and observed high- 
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pressure properties of silicate magmas. Al- 
though it is well known that silicate melts 
densify approximately an order of magnitude 
faster than isochemical crystalline silicates, 
the structural basis for this notable compress- 
ibility remains controversial (4, 14, 26, 27). 
The results shown in Fig. 2 provide evidence 
for densification of germanate liquids through 
coordination changes of germanium and indi- 
cate that the rapid densification of silicate 
melts observed under shock-loading also oc- 
curs through changes in the coordination of 
silicon in the melt. 

Our results indicate that coordination 
changes in liquids occur over a pressure range 
in which mixed-coordination crvstalline uhas- 
es exist. Thus, while recognizing that we have 
examined an analog system, we believe that 
our observations indicate that shifts in the 
silicon coordination in ultrabasic silicate lia- 
uids plausibly take place in the pressure range 
over which majorite-garnets, which contain 
both octahedral and tetrahedral silicon, are 
the liquidus phase (22). This pressure range, 
from -12 to 24 GPa, exists in most of the 
deep transition zone of the upper mantle, at 
de~ ths  between 400 and 700 km. 

These data also support earlier infer- 
ences that changes in the transport properties 
of aluminosilicate liquids at high pressures are 
produced by coordination changes of alurni- 
num from fourfold to sixfold coordination 
(28): by analogy with their crystalline equiv- 
alents, these changes plausibly occur at pres- 
sures less than 5 GPa (I). In addition, coor- 
dination-induced densification of silicate lia- 
uids may produce liquids denser than their 
coexisting solids. Such a crossover between 
the density of ultrabasic liquids and majorite- 
garnet has been proposed to occur at pressures 
above -20 GPa (I I), and we attribute this to 
coordination changes in the liquid. More- 
over, such structurally generated decreases in 
the volume difference between liquids and 
solids would ~roduce a shallowine of the 

u 

fusion slopes of silicates at high pressure, as is 
observed in a range of compositions (12, 22). 
If the early Earth was extensively melted, 
then changes in sign of the density contrast 
between compressed silicate melts and their 
coexisting solids at depth imply that melt 
coordination changes controlled the pattern 
of liquid segregation in a solidifying early 
Earth (29). Thus. structural changes in melts ~, " 

could have played a primary role in the early 
differentiation and geochemical evolution of 
the planet. 
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resolvable Raman bands in this spectral region at 
653,600,530, and 330 cm-'. The weak bands at 
653 and 600 cm-I are similar in frequency to 
strong bands at 648 and 608 cm-' in crystalline 
Na,Ge,O?, and have been assigned to symmet- 
ric stretchlng of Ge-0-Ge linkages between octa- 
hedra. The strong band at 530 cm-l has been 
generally assigned to symmetric stretchlng or 
deformation of Ge-0-Ge linkages between ger- 
manium tetrahedra. The weak band at 330 cm-l 
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the intensities of bands at 645 and 603 cm-' 
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discerned. In the zero-pressure spectrum of anhy- 
drous Na,Ge,O, glass, there are strong bands at 
867 and 790 cm-l. Both of these bands are asso- 
ciated with vibrations of relatively polymerized units 
of tetrahedrally coordinated germanium [Verweij and 
Buster; Walrafen; Furukawaand White; all in (I&?)]. In 
our lowest pressure spectra of the hydrated liquid. 
these bands are reduced in amplitude to the degree 
that they are unresolvable. Thus, added water pro- 
duces depolymerization of the liquld relatlve to the 
anhydrous glass, in accord with the solution mech- 
anisms of H,O in silicate liquids [E. M. Stolper, 
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dra. Such a weakening of the tetrahedral environ- 
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units. If this is the case, then our estimates of the 
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Small Earthquakes, Tectonic Forces 

Thomas C. Hanks 
Earthquake scaling and frequency-of-occurrence relations require that small earthquakes 
be just as important as larger ones in redistributing the forces that drive relative displace- 
ments across active faults of any dimension, including plate boundaries. 

According to the Gutenberg-Richter fre- 
quency-of-occurrence relation (I) ,  small 
earthquakes (2) occur in vastly greater 
numbers than large ones: 

In Eq. la, N is the cumulative number of 
earthquakes that exceed or are equal to a 
given magnitude M in a chosen area for a 
chosen time interval. The constant a de- 
pends on the overall seismicity rate, which 
can vary greatly from one region to the 
next. The constant b, however, is almost 
always = 1, although recent studies have 
suggested that b < 1 at very small magni- 
tudes (M 5 2) (3, 4) and have shown that 
b = 1.5 at large magnitudes (5 ) .  The 
distribution function corresponding to Eq. 
l a  is of the same form: the number of 
earthquakes AN within a magnitude incre- 
ment AM centered on M is 

where the constant a' now depends on a, 
AM, and b (if different from 1). 

Because of their greater numbers, mi- 
croearthquakes have played an important 
role in illuminating faintly seismogenic 
structures (6). Otherwise, the physical sig- 
nificance of small earthquakes has been 
debated for decades,'at least since the time 
of the first energy-magnitude studies (7) of 
the 1940s and 1950s, which showed that 
small earthquakes contributed negligibly to 
seismogenic energy budgets, either globally 
or regionally. By the early 1970s, seismol- 
ogists had also learned that small earth- 
quakes contribute neither to seismic mo- 
ment sums nor to long-term displacement 
rates along active faults (8). 

Numerous studies of the oast two dec- 
ades, however, have revealed that earth- 
auake stress droos. in the midst of consid- 

L ,  

erable scatter, are sensibly constant for 
small earthquakes and large (9), for inter- 
plate earthquakes and intraplate (lo), and 
for shallow earthquakes and deep (I I). For 
equidimensional sources of circular radius r, 
the stress-drop Au relation is 

U.S. Geological Survey, 345 Middlefield Road, Menlo whereas for large earthquakes with fault 
Park, CA 94025-3591. length 1 much greater than fault width w ,  
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