
large quantum spin fluctuations (6) at low 
temperatures. The ordering temperature for 
a one- or two-dimensional Heisenberg spin 
lattice is 0 K, whereas a three-dimensional 
system would condense into long-range or- 
der at about (17) 3Jdd, leading to small spin 
fluctuations at low temperature. 

2) The large superexchange of the linear 
Cu-0-Cu bonds leads to large negative Jdd 

and hence to high-frequency spin waves. 
3) In the CuO sheets and chains, oxygen 

p n  holes on adjacent oxygens have large 
matrix elements leading to high mobility 
(allowing the holes to move freely). 

4) The ferromagnetic pairing between 
the localized oxygen p n  hole and the adja- 
cent copper d electron couples the conduc- 
tion electrons to the copper d magnons, 
leading to the attractive pairing responsible 
for superconductivity. 

5)  For the 1-2-3 system, the one-dimen- 
sional Cu-0  chains may play more than one 
important role. Perfect chains would indeed 
lead to superconductivity; however, the spe- 
cific value of Tc depends sensitively upon 
the average magnon polarization, 7. The 
ferromagnetic coupling between chains and 
sheets may lead to a decreased 7 that in- 
creases T, for superconductivity in both the 
chains and sheets. For values of y (in 
Y1BazCu30,) around y = 6.5 (and for the 
tetragonal phase), the observed supercon- 
ductivity may be due to sheets. 

6) The equations for Tc and A, Eqs. 21 
and 22, clearly indicate those quantities that 
should be maximized and minimized in or- 
der to develop higher temperature super- 
conductors. 

A qualitative view of the magnon-pairing 
model is as follows. A conduction electron 
(oxygen pn-like) tends to repolarize the 
nearby copper d spins into local ferromag- 
netic order. As this oxygen p n  electron 
moves along, it tends to leave behind a wake 
with ferromagnetically paired copper spins. 
As a second conduction electron is scattered, 
it finds it favorable to be scattered into the 
wake of the first electron since there is 
already ferromagnetic polarization of the 
copper spins. The net result is the attractive 
interaction responsible for superconductiv- 
ity. 

One puzzle in understanding these sys- 
tems concerns why Laz-,SrXCrO4 is not a 
superconductor beyond x = 0.3 and why 
other systems (such as La4BaCu5Ot3 and 
La5SrC%OI5) (18) with similar sheets and 
chains and a high level of oxidation are 
semiconductors. In our mechanism, this is 
easily explained in terms of subtle shifts in 
the net Madelung energy at each oxygen 
(because of changes in location and charge 
of cations) that shifts the relative oxidation 
potential of various oxygens. This arises 

because the magnon-pairing model requires 
holes in the proper oxygen p n  orbital of the 
sheets and chains. Thus, Guo et al. (4) 
showed that changing x from 0 to 0.3 in 
Laz-,SrCu04 shifts the lowest ionization 
potential from the sheet oxygen to the apex 
oxygen (which does not contribute to super- 
conductivity). This suggests that the above 
semiconducting cuprates might be made 
into superconductors by appropriate re- 
placement of cations or changes in structure. 
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Spectroscopic Evidence for Pressure-Induced 
Coordination Changes in Silicate Glasses and Melts 

Infrared spectra demonstrate that at pressures above 20 gigapascals and room 
temperature the regular tetrahedral coordination of oxygen around both silicon and 
aluminum ions is severely disrupted in SiOz, CaMgSiz06, and CaA.lSi2O8 composition 
glasses. The spectra are consistent with gradual, pressure-induced increases in the 
coordination numbers of silicon and aluminum. A variety of coordination environ- 
ments, from sixfold to fourfold, appears to be present at pressures as high as about 40 
gigapascals. This apparent change in coordination is not quenchable at room tempera- 
ture: on decompression, the glasses return to tetrahedral coordination. This continu- 
ous and reversible coordination change in amorphous silicates explains the lack of 
observation of coordination changes in silicate glasses quenched from high pressure, 
the shallow melting slopes observed for mantle silicates at high pressures, and the 
possible presence of neutrally buoyant magmas deep within the terrestrial planets. 

T HE PROPERTIES OF SILICATE MELTS, 
such as density, viscosity, and chemi- 
cal diffusivity, control processes of 

differentiation by which the interiors of 
Earth and other terrestrial planets evolve 
over geological time. As melt properties are 
largely determined by the geometrical pack- 
ing and coordinations of ions, there has 
been considerable interest in documenting 
how the structures of both melts and glasses 
change with pressure, or in the case of 
planets, with increasing depth. 

At ambient conditions, silicate melts and 
glasses are structurally ordered in the sense 

that they exhibit a well-defined nearest 
neighbor coordination of four oxygen ions 
around silicon and aluminum ions. Under 
pressure, however, it is expected that the 
coordination increases from fourfold (tetra- 
hedral arrangement) to sixfold (octahedral 
arrangement), resulting in a drastic change 
in melt properties ( I ) .  This expectation is 
based on the coordination changes observed 
among crystalline silicates under pressure. 
That such a change occurs in melts and 
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glasses is supported by molecular dynamics 
simulations (2) and by the analysis of shock- 
wave compression measurements on liquids 
(3), but it has so far not been verified by 
direct observations under pressure. Thus, 
the purpose of our study was to determine 
by in situ, spectroscopic measurements 
whether or not the primary coordinations of 
noncrystalline silicates do change with pres- 
sure. 

In this work. we have measured the mid- 
infrared absorption spectra of three silicate 
glasses to pressures of 40 GPa (4). Glasses of 
silica (Si02), anorthite (CaA12Si208), and 
diopside (CaMgSi206) compositions were 
examined in order to simulate the range of 
structures and compositions that is repre- 
sentative of silicate melts within Earth and 
terrestrial planets (5) .  The first two compo- 
sitions consist of frameworks of corner- 

Pressure 
(GPa) 

2.2 
(f l .3) 

17.2 
(k1 .2) 

linked tetrahedra, with silica being a com- 
pletely polymerized network of Si04 tetra- 
hedra. In anorthite glass, half of the tetrahe- 
dra contain aluminum instead of silicon; 
also, calcium ions are inserted within the 
framework of tetrahedra. Finally, diopside 
glass is believed to contain chains of Si04 
tetrahedra that are cross-linked by calcium 
and magnesium ions (6). 

Room temperature infrared absorption 
spectra of silica, anorthite, and diopside 
glasses all exhibit major changes under com- 
pression (Fig. 1). Notably, the strong ab- 
sorption bands observed initially near 1100 
cm-' decrease significantly in amplitude rel- 
ative to the region between 600 and 900 
cm-' as pressure is increased (7). Whereas 
the absorption at about 1100 cm-' is caused 
by Si04 (and, for anorthite, NO4)  tetrahe- 
dral stretching vibrations, the increased ab- 
sorption between 600 and 900 cm-' at 
pressure is assigned to the stretching and 0- 
Si-O bending vibrations of Si06 octahedra. 
These octahedral vibrations are assigned on 
the basis of their observed frequencies in 
crystalline phases (8). Thus, we interpret our 
spectroscopic observations as showing the 
loss of tetrahedral coordinations for silicon 
and aluminum in glasses, with the coordina- 
tion of silicon (and probably aluminum) (9) 
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Fig. 1. (A) Representative infrared absorption spectra of silica glass (SOz) at 300 K on compression to 
38.9 GPa, and on decompression (top to bottom). Downward and upward pointing arrows indicate 
frequencies of tetrahedral (Si04) modes that are suppressed with pressure and octahedral (Si06) modes 
that are enhanced with pressure. New pressure-induced bands similar to those observed by Velde and 
Couty ,(26) appear between 600 and 700 cm-' at low pressures. (6 )  Infrared absorption spectra of 
anodute (CaAlzSiZOs) composition glass at 300 K, on compression. In this case, some of the spec- 
tral changes observed are likely to be due to a change in coordination of A13+ (9). (C) Infrared spectra of 
diopside (CaMgSiz06) glass at 300 K on both compression and decompression. 

increasing gradually from fourfold to sixfold 
above 10 to 20 GPa (10). For comparison, 
the crystalline equivalents of these glasses 
transform at lower pressures to phases con- 
taining octahedrally coordinated silicon and 
aluminum (1 1 ) . 

The coordination change commences at a 
lower pressure in the anorthite glass (-10 
GPa) than in the diopside and silica glasses 
(-17 to 25 GPa). It is likelv that this 
difference reflects the presence of aluminum, 
which changes coordination at a lower pres- 
sure than silicon and is only present within 
the anorthite composition glass (11). Both 
silica and diopside glasses exhibit measur- 
able absorption at 950 to 1200 cm-' imply- 
ing that a range of coordinations, from 
fourfold to sixfold, is present even at the 
highest pressures of this study. Similarly, the 
lack of discrete ~ e a k s  above 650 cm-' in the 
high-pressure anorthite glass spectrum sug- 
gests that both aluminum and silicon are 
distributed over a range of sites with coordi- 
nations up to six, bu; with regular tetrahe- 
dral coordination being essentially nonexis- 
tent. Finally, the absorption at about 500 
cm-' is assigned to deformational motions 
of the silicon-oxygen framework that are 
present in all three glasses. 

The structural transformations docu- 
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mented here for glasses under pressure differ 
in two important respects from the analo- 
gous transformations in crystalline silicates. 
First, the coordination changes in the glasses 
occur continuously over an extended pres- 
sure range. In contrast, crystals of the same 
composition exhibit coordination changes at 
discrete pressures associated with equilibri- 
um phase transitions. The second and more 
remarkable difference is that coordination 
changes in the crystalline phases are hin- 
dered by kinetics, even at temperatures well 
above 300 K. The glasses, however, appear 
to transform reversibly at room tempera- 
ture: the spectra of the glasses after quench- 
ing from high pressure are nearly identical 
to the spectra of the starting materials (12). 
This indicates that tetrahedral coordinations 
of both aluminum and silicon are reestab- 
lished when pressure is decreased. Our ob- 
servation that glasses return to tetrahedral 
coordination on decompression probably 
explains the difficulties in quenching octahe- 
dral aluminum within silicate glasses from 
high pressures (13). 

The reversibility that we observe for the 
coordination changes in silicate glasses is 
important in that it justifies the extension of 
our results to silicate melts. As the glass state 
is simply a kinetically frozen form of liquid 
that is achieved at low temperatures (well 
below the melting temperature), any revers- 
ible transformation found to occur in glass is 
also expected to occur in the corresponding 
but kinetically unhindered liquid (14). Rec- 
ognizing that kinetic hindrances are signifi- 
cantly reduced at the high temperatures of 
the melt, we anticipate that the coordination 
changes observed here in glasses could occur 
at lower pressures in silicate melts of the 
same compositions. In fact, even more ex- 
treme coordinations could be achieved in 
the melts than in the glasses because of 
possible kinetic limitations on glass struc- 
ture. In this sense, our observations on 
glasses lead to a coniervative estimate of the 
structural changes that occur in silicate melts 
under pressure. 

Based on our observations, as well as 
previous studies, the compression of silicate 
melts and glasses appear to be accommodat- 
ed by three processes occuring between 0 
and 30 GPa. Below 10 GPa, the average Si- 
0-Si angle between tetrahedra decreases 
upon compression. It is likely that this in- 
volves a decrease in the size of the rings of 
tetrahedra making up the structure, from 
five- to eight-membered toward three- and 
four-membered rings with increasing pres- 
sure (15). The range of Si-0-Si bond an- 
gles is also likely to narrow, with intertetra- 
hedral angles remaining greater than 120" in 
order to minimize Si-Si repulsions (16). 

Above 10 GPa, by analogy with crystal- 

line equivalents, we expect the tetrahedra 
themselves to distort prior to the onset of 
the coordination change (1 7) .  Thus, the 0- 
Si-0 angle deviates f;om the ideal tetrahe- 
dral value (109.5") with compression. We 
infer that this change in angle is associated 
with a breakdown of the strong sp3 covalent 
bonding of ths Si04 tetrahedra, and an 
approach toward mixed ionic and sp3# hy- 
bridized bonding present within both ideal 
and distorted Si06 octahedra. The change in 
Si-0 bonding character and in the local 
symmetry of oxygen ions surrounding sili- 
con ions probably causes the dramatic loss 
of the Raman spectrum of SiOz glass ob- 
served at high pressures (1 8). 

At pressures above about 20 GPa the 
silicon coordination increases toward sixfold 
with distorted tetrahedra converted to dis- 
torted and regular octahedra. As noted 
above, the actual transition pressure is likely 
to depend somewhat on the temperature 
and composition of the melt or glass, Never- 
theless, the structure can be described over a 
broad pressure range as consisting of a 
variety of distorted, corner-sharing and 
edge-sharing polyhedra of oxygen ions 
around cations. Equivalently, the structure 
above 15 to 20 GPa can be described as 
approaching a random close packing of oxy- 
gen ions (19), with cations placed intersti- 
tially. Because of the breakdown of the 
strong, tetrahedral Si-0 bonds, we expect 
this densely packed structure to be charac- 
terized by weaker bonding and less pro- 
nounced polymerization than is present in 
silicate melts and glasses at low pressures 
(20). Both the bond weakening and the 
increased (and variable) coordination pre- 
sent at high pressures are likely to result a 
significant enhancement of ion mobility and 
hence of the chemical diflbsivitv of silicate 
melts at high pressures. This conclusion is in 
accord with the results of previous molecu- 
lar dynamic simulations (2). Such increases 
in ionic mobility within liquids are generally 
associated with decreases in their viscosity, 
as is reflected by the Stokes-Einstein relation 
(21). Thus, silicate magmas deep inside 
planets may have dramatically enhanced 
flow properties over those observed at shal- 

Our observation of a continuous shift in 
coordination number with increasing pres- 
sure also provides a rationale for the ex- 
tremely shallow melting slopes observed for 
high-pressure mantle silicates: the change in 
the melting point of silicates with pressure 
in some cases exceeds 100 WGPa at low 
pressures (22), but decreases to between 0 
and 15 WGPa at pressures greater than -20 
GPa (23). This decrease in the slope of the 
fusion curve may be ascribed to continuous 
changes in the structure of the liquid. As 

pressure is increased, the structure of the 
iiquid becomes dense; more rapidly than the 
coexisting solid because of the shift within 
the liquid to higher coordination. This pro- 
duces a decrease in the volume change on 
melting and thus, by the Clausius-Clapeyron 
relation, a progressively smaller change in 
the melting temperature of mantle silicates 
with increasing pressure. Also, the pressure- 
induced depolymerization of the melt as it 
adopts higher coordinations may increase 
the entropy change on melting, accentuating 
this volumetric effect on the melting curve. 
Taking into account the compositional dif- 
ferences between coexisting melts and crys- 
tals for mantle silicates. the decrease in the 
volume change on melting at high pressures 
is likely to cause the melt density to equal or 
even surpass the density of the coexisting 
solid (3, 23). 

The approach and possible crossover of 
the densities of liquid and solid silicates at 
high pressures could result in gravitationally 
stable melt layers existing within the transi- 
tion zone of Earth's mantle (3, 24) (depth, 
400 to 900 km; 13 to 30 GPa in pressure); 
at greater depths magmas could even sink, 
rather than rising as they do in the crust and 
upper mantle to produce volcanism at the 
surface. Thus, if large-scale melting occurred 
early in Earth's history (25), this melting 
would not only have produced extensive 
compositional stratification of the mantle 
within the transition zone, but possibly also 
between the upper and lower mantle. In- 
deed. the mechanism of terrestrial differenti- 
ation is principally governed by density dif- 
ferences, and the melt components with 
higher densities would thus tend to be en- 
riched within the lower mantle. In contrast 
to the terrestrial mantle, however, the only 
region in which we would expect gravita- 
tionally stable melt layers to form in the 
lower pressure interior of Mars would be at 
the bottom of that   la net's mantle. Al- 
though on Earth, and probably also on 
Venus, magmas may stably stratify or even 
sink at depth, the lack of neutrally or nega- 
tively buoyant melts on Mars will mean that 
Martian surface volcanism is more likely to 
sample the entire depth range of a relatively 
homogeneous mantle. Therefore, structural 
changes within melts at pressure may be one 
of the principal driving forces governing the 
differentiation histories of the mantles of 
terrestrial planets. 
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