
the solid cannot attain its true equilibrium 
shape after transformation to the high- 
pressure phase. The bulk solid fragments 
into domains and the nanocrystal converts 
coherently from one shape to another. In 
the present case, nearly spherical nanocrys- 
tals with low-index surfaces convert to pro- 
late ellipsoids with many high-index sur- 
faces. This effect arises because the connec- 
tivity of the atoms cannot be altered. Bur- 
dett has shown that transition ~ a t h s  of this 
type can be viewed as three-dimensional 
Peierls distortions (23). This effect then ~, 

explains the seemingly anomalous results 
that the rock salt-phase surface energy re- 
quired to fit the nanocrystal size depen- 
dence of the ~ h a s e  transition was much 
larger than tgat expected for low-index 
rock salt-phase CdSe. 

In the case of nanocrystals, where the 
surface energy makes a major contribution 
to the total free energy of the system, the 
transition path can actually determine the 
final state of the system. In a true equilib- 
rium experiment, where path effects are not 
important, the rock salt surface energy 
would probably be less than that of the 
wurtzite. and a de~ression of the ~ h a s e  
transition pressure would actually be ob- 
served. Thus, path effects play a major role 
in both the dynamics and the ultimate 
stable phases of nanometer-scale materials. 
Because of this, nanocrystals provide an 
opportunity to observe the effects of the 
transition path, which are masked in bulk 
systems. The potential is great for use of 
these and related experiments on nanocrys- 
tals to gain new understanding of the dy- 
namics of solid-solid phase transformations 
in bulk systems. 

Although these basic conclusions are 
general to wurtzite-phase nanocrystals, the 
specific surface energies reported here are 
probably influenced by the choice of surface 
ligand, 4-ethyl-pyridine. While the possi- 
bility does exist to actually change the 
ordering of wurtzite and rock salt surface 
energies through the use of an appropriate 
ligand, no significant changes in surface 
energy ordering are observed within the 
range of ligands we are currently able to use 
(Lewis bases). The question of surface mod- 
ification aside, the present work demon- 
strates that a solid-solid phase transition 
smoothly evolves into a coherent molecular 
isomerization in finite size. 
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~ i r s t  Principles Determination of the Effects of 
Phosphorus and Boron on Iron 

Grain Boundary Cohesion 

Ruqian Wu, A. J. Freeman, G. B. Olson 
Toward an electronic level understanding of intergranular embrittlement and its control in 
steels,'the effects of phosphorus and boron impurities on the energy and electronic 
properties of both an iron grain boundary and its corresponding intergranular fracture 
surface are investigated by the local density full potential augmented plane wave method. 
When structural relaxations are taken into account, the calculated energy difference of 
phosphorus in the two environments is consistent with its measured embrittlement potency. 
In contrast to the nonhybridized interaction of iron and phosphorus, iron-boron hybridization 
permits covalent bonding normal to the boundary contributing to cohesion enhancement. 
Insights into bonding behavior offer the potential for new directions in alloy composition for 
improvement of grain boundary-sensitive properties. 

T h e  mechanical properties of ultrahigh- 
strength steels are often limited by the 
cohesion of crystal grain boundaries as in- 
fluenced by the intergranular segregation of 
various metalloid impurities such as P and 
S. A thermodynamic theory developed by 

R. Wu and A. J. Freeman, Department of Physics and 
Astronomy, Northwestern University, Evanston, IL 
60208, USA. 
G. B. Olson, Department of Materials Science and 
Engineering, Northwestern University, Evanston, IL 
60208. USA. 

Rice and Wang (1, 2) describes the mech- 
anism of metalloid-induced intergranular 
embrittlement through the competition be- 
tween plastic crack blunting and brittle 
boundary separation. While crystal plastic- 
ity considerations show interesting direc- 
tional effects on the relative ease of crack 
tip blunting verified in critical bicrystal 
experiments, the most striking result of the 
analysis is the prediction that the potency 
of a segregating solute in reducing the 
"Griffith work" of brittle boundary separa- 
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tion is a linear function of the difference in 
segregation energy for that solute at a grain 
boundary (GB), 4, and at a free surface 
(FS), AE,. Simply put, a solute with a 
positive energy difference AEb - AE, (that 
is, AEb is less negative) will be a more 
potent embrittler, or vice versa. The valid- 
ity of this hypothesis has been supported 
exwrimentallv for Fe-base materials for 
wiich signifidant data exist for both the 
relative embrittling potencies of solutes and 
the relevant surface thermodynamic quan- 
tities (3). 

A predictive theory of intergranular cohe- 
sion can be developed by directly determining 
both AE,, and AE, with present state-of-the- 
art energy band approaches; this offers the 
promise of major improvements in boundary 
cohesion-dtive properties such as the stress 
corrosion resistance of ultralugh-strength 
steels (3). To this end, we have d e d  out 
full potential linearized augmented plane 
wave (FLAPJV) total energy calculations to 
investigate the effects of a P impurity in the 
FeX3[1TO] (111) GB (4) and on the corre- 
sponding Fe(ll1) FS (5). In earlier calcula- 
tions with a cell that contained onlv the first 
neighbor Fe atoms to the P imp"rity, we 
found that the Fe-P chemical interaction is 
slightly stronger at the Fe(ll1) FS because of 
a sl~orter interatomic distance. However, as a 
result of the small size of the unit cell and the 
exclusion of impurity-induced structural relax- 
ation, the calculated AE,, - AE, was negative 
(-1.1 eV per cell), in contrast with the 
known embrittling potency of P in Fe. 

In a subsequent calculation, we expanded 
the unit cell size for more realistic simulations 
(24 atoms per cell for the GB and 15 atoms 
per cell for the FS) (6). Using the equilibrium 
geometry determined from DM01 cluster cal- 

Flg. 1. Model and notation for the structure of 
Fe and impurities (I) at (A) Fe L3[110] (111) 
grain boundary and (B) Fe(ll1) free surface. 
Solid rectangles correspond to unit cells of the 
body-centered-cubic structure. Dashed lines 
mark area mapped in Fig. 2. 

culations (7), we found that structural relax- 
ation may reduce the total energy of the clean 
Fe23[1TO] (1 11) (the reference system for 
AEJ by about 1.61 eV per cell. This reduc- 
tion, in turn, results in a large correction to 
AE,,. By contrast, the impurity atoms do not 
induce sgnificant reconstruction for the less 
constrained environment of the Fe(ll1) sur- 
face (a), and thus, AE, is only slightly &st- 
ed. As a result, & - AE, becomes positive, 
0.79 eV per P atom, in good agreement with 
experimental data. Here, we explore the 
mechanism of impurity-induced embrittle- 
ment more deeply by comparing the behaviors 
of P and B in the same FeZ3[1TO] (1 11) GB 
and Fe(ll1) FS environments. As B is known 
to be a GB cohesion enhancer in Fe (1-3), 
the comparison offers insights into the key 
electronic features underlying the influerlce of 
segregants on relative boundary cohesion. 

We used a slab model (Fig. 1) to s:mulate 
both the P-Fe(ll1) FS and P-FeX3[1TO] (1 11) 
GB, which minimizes GB interactions inher- 
ent in superlattice cells (5, 9). For the 
EFe(ll1) and P-Fe(ll1) FS systems, the 
Fe(ll1) substrate is simulated by a 13-layer 

slab and the B and P adsorbates are placed 
pseudomorphically on the threefold hollow 
sites on both sides of the slab. For the GB 
systems, a 23-layer slab is adopted to simulate 
the clean F&3[1TO] (1 11). With 12 Fe layers 
in between, the interaction between the FS 
(introduced artificially in the slab model) and 
the GB is expected to be sufhciently reduced. 
The two-dimensional lattice constant and the 
unrelaxed Fe-Fe interatomic distance d are 
chosen from experimental values for bulk 
body-centered-cubic Fe: d,, = 4.69 atomic 
units. For the clean and impurity-adsorbed 
Fe(ll1) surface, the equilibrium atomic ge- 
ometry is determined through FLAF'W total 
energy mhimhtion (8,JO). For GB systems, 
geometries obtained from DM01 cluster force 
calculations (7) are adopted. The GB struc- 
tures are quite similar to those predicted with 
interatomic potentials based on the "embed- 
ded atom" method (I I). 

Although the impurity segregation ener- 
gies as used by Rice and Wang are normally 
expressed relative to an impurity in dilute 
solution in crystalline Fe, the AEb and AE, 
computed here are referred to the calculated 

Table 1. Calculated binding energies (in electron volts) of P and B in the Fe GB and FS 
environments and the decompositions into chemical, mechanical, and magnetic contributions. NM, 
nonmagnetic; FM, ferromagnetic. 

AEb AEs AEb - AE, A Magnetic* 
P-Fe 

Unrelaxed (chemical) 
NM -8.16 -7.58 -0.58 
FM -8.19 -7.44 -0.75 -0.17 

Relaxation (mechanical) 
NM +2.19 +0.01 +2.18 
FM +1.61 +0.07 + 1.54 -0.64 

Relaxed (total) 
NM -5.97 -7.57 + 1.60 
FM -6.58 -7.37 +0.79 -0.81 

6-Fe 
Unrelaxed (chemical) 

NM -8.27 -6.46 -1.81 
FM -8.18 -6.67 -1.51 +0.30 

Relaxation (mechanical) 
NM +1.53 +0.10 +1.43 
FM +1.69 +0.18 +1.51 +0.08 

Relaxed (total) 
NM -6.74 -6.36 -0.38 
FM -6.49 -6.49 +O.OO +0.38 

'Difference in AE, - A+ between the NM and FM states. 

Table 2. Calculated magnetic moments (in pd in Fe. GBO represents the relaxed clean Fe GB, and 
GB1 and GB2 denote the unrelaxed GB configurations for P and B, respectively. 

Atom Fe Fe P-Fe Fe 
GBO GB1 . GB GB2 

-1.28 2.40 1.40 2.50 
1.56 2.1 1 1.81 2.18 
1.43 1.81 1.49 2.07 

-1.75 1.81 2.01 1.86 
0.80 2.10 2.05 2.14 
1.42 1.85 1.98 1.85 
1.68 2.10 2.14 2.01 
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enerw of an isolated two-dimensional mono- -, 
layer with the same structure as the segregated 
monolayers of Fig. 1. The choice of segrega- 
tion reference state does not matter to the 
calculation of the energy difference AEb - 
AE, goveming the impurity influence on GB 
cohesion. 

In the FLAPW method, no shape approx- 
imations are made to the charge densities, 
mtentials. and matrix elements. The core 
itates are treated fully relativistically, and the 
valence states are treated semirelativistically 
(that is, without spin-orbit couphg). We 
used the Hedin and Lundqmst and the von 
Barth-Hedin formulas for the exchangecor- 
relation potentials for the nonmagnetic and 
the spin-polarized calculations, respectively. 
Energy cutoh of 150 and 950 eV were used 
for plane wave bases and star functions to 
describe the wave functions and the charge 
density and potential in the interstitial region, 
respectively. Within the m& tin (MT) 
spheres (rwVFe = 2.0 au, rwVp = 1.8 au, 

- 1.3 au), lattice harmonics with an- 7 M T , ~  - 
gular momentum 1 up to 8 were adopted. 
Convergence was assumed when the average 
root-mean-square difference between the in- 
put and output charge (spin) densities was less 
than 5 x e/au3 (1 x e/au3), where 
e is the cham of an electron. The stew 
forward fixed-Lis approach (1 2) was used ;o 
speed up the calculations conducted on a 
Cray-C90 supercomputer. Convergence for a 
given GB structure typically required 250 
hours of computer time. 

In previous calculations (6, 7), we found 
that the clean FeZ3[1TO] (1 11) GB undergoes 
a phase transition to a hexagonal "o phase" 
structure. which. in turn. results in an anti- 
ferromagnetic couphg in the core region of 
the GB. The segregated P atoms strongly push 
the Fe(3) atoms apart across the GB to form 
an "antiw" structure (Fig. 1). correspondtng 
to a metastable state of the clean FeZ3[1TO] 
(1 11) GB. Such a large reconstruction gives a 
large "mechanical energy" contribution to the 
final value of 4 (Table 1). ad& 1.61 eV 
per cell. Physically, the mechanical energy is 
equal to the energy released during the relax- 
ation of the clean Fe boundaries after impurity 
removal, and it is expressed as a positive 
number because the relaxed geometry corre- 
sponds to the lowest energy. The calculated 
Fe GB energy is 2.7 J/mz (or 2.4 eV per cell), 
compared wlth the calculated surface energy 
3.4 J/mZ (10). Both energies are somewhat 
large, but their daerence (0.7 J h Z )  is in good 
agreement with experimental values. 

Although the B impurity is considerably 
smaller than the P atom, it still cannot be well 
accommendated in the o-Fe GB, and some 
B i n d u d  Fe reconstruction should also be 
expected. Indeed, the calculated EFe(3) 
bond length is 4.06 au, only 9% shorter than 
that for P-Fe(3), 4.42 au. Surprisingly, this 
smaller relaxation gives rise to an even larger 

mechanical energy, 1.69 eV (Table I), than 
that in the P-Fe case for which the Fe struc- 
ture becomes closer to the metastable antiw 
phase structure. 

The bond length is shorter in the FS 
environment than in the GB (5): The calcu- 
lated dp.Fe in P-Fe(ll1) is 4.5 au, and 
d,,(, in % ~ e ( l l l )  is 3.44 au. However. 
because the impurity atoms have a large space 
for adjustment in the vacuum region, the 
mechanical effects are expected to be less 
important in the FS environment. Indeed, 
the m e c h c a l  energy for the surface, AE,, is 

usually less than 0.2 eV per cell (Table 1). 
even when the conmbutions from both the 
impurity relaxation and the impurity-induced 
Fe relaxation are considered (6). 

We calculated the impurity-induced 
charge redistributions for the P-Fe(ll1) and 
BFe(ll1) FS systems by subtracting the su- 
perimposed charge density from a free P or B 
monolayer and a clean Fe(ll1) surface from 
the self-consistent charge density for the cor- 
responding adsorption system (right column, 
Fig. 2). For P-Fe (1 1 1) , strong charge accurnu- 
lations are seen in the region between both 

Fig. 2. The calculated valence charge densty difference for P-Fe GB (top left), P-Fe(ll1) FS (top right), 
B-Fe GB (bottom left), and B-Fe(l11) FS (bottom right). Contours start from 1 x e/au3 and increase 
successively by a factor of 2'14; green, yellow, red, and pink denote charge accumulation and light and 
dark blue denote charge depletion. Regions displayed correspond to dashed cell of Fig. 1. 
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P-Fe(3) and P-Fe(l), indicating some chem- 
ical interaction between these a m .  The 
charge density at the inner region around the 
Patomissigdcantlydeueasedbecauseof 
the e k t s  of the surrounding Fe a m .  This 
apparent reverse charge transfer contradicts a 
simple estimate from the electronegativity 
(2.19 for P and 1.83 for Fe). These behaviors 
 car^ be understood from the large spatial ex- 
tensionofthe P 3p wave function and thus 
the "embedding" character of the P-Fe bond- 
ing (6)- 

By contrast, because the B 2p wave func- 

tion is more locali2ed than the P 3p wave 
function, the EFe(3) bonding is more cova- 
lent-&. In addition, B has only one 2P 
electron, whereas P possesses three 3p elec- 
trons. In the isolated monolayer geometry, 
the B 2p electron occupies the bonding p, 
states, which leaves the nonbonding pz state 
empty. However, the pz state becomes lower 
in energy by hybrididng with the Fe(3) d2 
state, and thus, there is charge transfer fnrm 
the in-plane p stam to the vertical p, state 
(light bottom,Tig. 2). w o r e ,  N e  bond- 
ing shows much stronger spatial anisotropy 

compared to that between P-Fe (light top, 
Fig. 2), that is, stronger vertical B-Fe(3) 
bondingandweakerladB-Fe(1) bonding. 
As a result, the chemical part of AE, for B in 
the FS environment, 6.67 eV per adatom, is 
0.77 eV smaller than that for P. 

Thecorrespondingchargedensity*- 
ences were calculated for P-Fe and EFe GB 
systems (left column, Fig. 2). Because of the 
longer bond length, the charge accumulation 
and hence the strength of Fe-impurity bond- 
ingareweakercomparedtothecaseintheFS 
envinmment. Howwer, there are two P(B)- 
Fe(3) bonds across the GB, which results in a 
1argerchemicaenergyintheGBsystemsby 
0.75 eV for P and 1.51 eV for B. Although 
the B-Fe(1) interaction is much weaker than 
P-Fe(l), for the reawn discussed above, the 
chemical energies for B and P in the GB 
environment become almost equal, 8.18 eV. 

The presence of the impurity reduces the 
Fe(2)-Fe(2) interaction across the GB (Fig. 
2) (5, 13). The negative charge density 
ditterence can also be found above the Fe 
atoms in the FS environment (Fig. 2). This 
charge removal was once proposed to ex- 
plain the embrittlement effect of impurities 
on GB cohesion (1 3). However, because 
this effect is wen stronger for B, which.is a 
known GB cohesion enhancer in Fe, the 
loss of charge does not appear to be an 
essential feature of embrittlement behavior. 
The spin density dihence contours for 

the P-Fe GB and P-Fe(ll1) FS are shown in 
thetoppanelsofFig.3.Aswasreveaedin 
the previous small cell calculations (3 ,  the 
detrimental &ts of the P impurities on the 
magnetization around the Fe(l), Fe(2), and 
Fe(3) atoms are very clear. Interestingly, P 
induces an enhancement ofthe magnetization 
around the d - r a n k  Fe atoms that was not 
obtained in the previous calculations (5). 
This behavior is not seen in the charge den- 
sity di&enm (Fig. 2), indicating that the P 
induces a s h o r t - 4  pertwbation (screen- 
ing) for the charge distribution but shows a 
long-latlged osdlatoty behavior for the mag- 
netic disturbance. In addition, the spin den- 
sity around Fe(2) and Fe(1) is less &ed in 
the FS environment, although the P-Fe(2) 
interatomic distances are smaller compared to 
those in the GB. 

Quantitatively, the calculated magnetic 
mument in each Fe mffi-tin sphere is pre- 
sented in Table 2. Refening to the unrelaxed 
GB co&kation (GB1) correspanding to 
Fig. 3, the &ts of P are obvious because it 
reduces the magnetic moment of Fe(l), 
Fe(2), and Fe(3) by 1.0 b, 0.3 b, and 0.32 
b, respectively, where b is the Bohr mag- 
neton. At the FS, the reduction of the Fe(3) 
magnetic moment becomes as large as 0.63 
b. By compglison (bottom paneb, Fig. 3), 
the &cts of B on the magnetization of the 
surrounding Fe atoms are weaker, especially 
fortheFe(2) atom.Comparedwiththeunre- 
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FIQ. 3. The calculated spin-density diirence for P-Fe GB (top left), P-Fe(ll1) FS (top right), EFe 
GB (bottom left), and EFe(ll1) FS (bottom right). Contours start from 1 x dau3 and increase 
successively by a factor of 2lN; green, yellow, red, and pink denote positii differences and light 
and dark blue denote negative diierences. 
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laxed GB configuration (GB2), B reduces the 
magnetic moment of Fe(l), Fe(2), and Fe(3) 
by 0.45 p ~ ,  0.01 pB, and 0.17 p ~ ,  respective- 
ly. The reduction of the Fe(3) magnetic mo- 
ment in B-Fe(lll), 0.65 p ~ ,  is even a little 
larger than that in P-Fe(ll1). The reduction 
of the Fe magnetization affects the segregation 
energy (Table 1, see the dtfference between 
results of AE for ferromagnetic and nonmag- 
netic states). 

Finally, the calculated results for the AEb 
- AE, difference controlling embrittlement 
are listed in Table 1. Because the impurity- 
induced structural relaxation is included, the 
segregation energy for P in the GB environ- 
ment is smaller (less negative) than that on 
the FS; that is, AEb - AE, = 0.79 eV > 0, in 
good agreement with experiment (0.4 0.2 
eV per cell). According to the Rice-Wang 
thermodynamic theory (I), P is thus an em- 
brittler for the Fe23[1IO] (111) GB. By con- 
trast, AEb - AE, is almost zero (negative for 
the nonmagnetic case) for B, and thus, B is 
weakly cohesion enhancing. 

Manv factors affect the final results of AEL 
- AE,. The mechanical energy is especially 
important because the segregation energy dif- 
ferences are negative for both P and B when 
relaxation for the clean Fe GB is neglected. 
The magnetic energies are not large for either 
AEb or AE, separately (Table 1) but are 
indeed imuortant for their difference. There- 
fore, a highly precise spin-polarized method 
and, importantly, equal treatment for the FS 
and GB systems are essential to obtain correct 
predictive results. The net magnetic contribu- 
tions to the AEb - AE, ddferences (Table 1) 
show that while magnetism reduces the em- 
brittlement potency of P, it also reduces the 
cohesion enhancine effect of B. 

0 

As discussed earlier, impurity-induced re- 
duction of Fe-Fe bondine is here eliminated 
as the mechanism for GVB embrittlement by 
the comparison of P and B. Because the 
embrittlement behavior of an impurity is de- 
termined by AEb - AE,, it is essential to 
compare the ddference of effects in the FS and 
GB systems. In both the Fe23[1TO] (1 11) GB 
and the Fe(ll1) FS, there are three Fe(1) 
atoms. The strength of impurity-Fe(1) bond- 
ing (Fig. 2) does not change greatly from the 
GB to FS environments and thus is not 
significant for hEb - AE,. By contrast, impu- 
rity-Fe(3) bonding is expected to play the 
important role because one out of two of the 
vertical bonds in the GB is broken in the FS. 
Therefore, the spatial anisotropy of the bond- 
ing interaction between the impurity states 
with the surrounding Fe atom can be crucial 
to embrittlement behavior. Simply, impuri- 
ties with stronger vertical and weaker lateral 
bonding are favorable to enhance the GB 
cohesion. 

This conclusion is supported by the 
comparison of P and B. The EFe(3)  
bonding is much stronger than the 

B-Fe (1) bonding (bottom panels, Fig. 2) ; 
there is even a dangling bond above the B 
atom for B-Fe(ll1). Therefore, B prefers 
the GB environment to saturate the 
EFe(3)  bonding. By contrast, P-Fe bond- 
ing is more embedded-like (electrostatic), 
and thus, there is no such dangling bond 
above P for P-Fe(ll1) (left top, Fig. 2). In 
addition, the P-Fe(1) bonding is almost as 
strong as that of P-Fe(3) bonding. Only 
one out of five P-Fe bonds in the GB is 
broken in the FS for P (one out of two for 
B), and thus, the reduction of the chem- 
ical energy for P is smaller than that for B. 
This is the main reason why the chemical 
part of AEb - AE, for 'B is two times larger 
than that for P. Calculations for C and S 
impurities are in progress to verify the 
generality of these bonding trends, and 
further calculations will explore the inter- 
actions of impurity segregants and alloying 
elements. The fundamental insights de- 
veloping from this research hold promise 
for new directions in alloy composition for 
enhancement of GB-sensitive properties. 
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Synthesis and Properties of a Cuprate 
Superconductor Containing Double 

Mercury-Oxygen Layers 

P. G. Radaelli, M. Marezio, M. Perroux, S. de Brion, 
J. L. Tholence, Q. Huang, A. Santoro 

A cuprate superconductor containing double mercury layers was synthesized with a high- 
pressure, high-temperature technique. The compound, with chemical formula Hg2Ba2- 
Y, -xCaxCu20,-,, contains a double HgO layer with structure similar to that of rock salt. 
The prototype compound Hg,Ba2YCu20,-, is an insulator. Superconductivity is induced 
in the system by partially replacing yttrium with calcium. 

A11 known copper-based superconductors 
have lavered structures. where CuO,  lanes 

L - 
alternate with other structural elements. 
The compounds with the highest supercon- 
ducting critical temperatures all contain, 
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besides one or more CuO, planes; a single 
or double heavy metal-oxygen layer, like 
BiO, T10, or HgO,. In the case of bismuth- 
based compounds, only structures contain- 
ing double bismuth-oxygen layers have been 
synthesized (I). Thallium-containing su- 
perconductors can be formed with both a 
single and a double T10 layer (2, 3). In 
1993, a series of superconducting cuprates 
containing mercury was discovered. These 
compounds contain a single HgO, layer, 
where mercury is bonded with two oxygen 
atoms along the s axis, as in a dumbbell (4). 
However, double mercury layers are occa- 
sionally observed by electron imaging as 
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