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Computational scorecard. Some predictions that were made on the basis of first-principles calculations. 
Several of these have been confirmed. 

nificantly to its emerging importance. Most 
obvious is the sheer increase in computer 
speed over the last two decades. The number 
of multiplications a computer can perform per 
second per dollar spent on the machines 
reasonable indicator of the performance-to- 
cost ratio-has increased by almost 4 orders of 
magnitude in the last 15 years. Few other re- 
search tools in materials research can boast 
such a dramatic improvement. Developments 
in condensed matter theory constitute the 
other factor. The specific milestones that 
have brought us to accurate first-principles 
calculations have recently been discussed by 
Zunger (6 ) .  In essence, all first-principles 
methods require the solution to a many-par- 
ticle Schrodinger equation. Although this 
equation is not exactly solvable for any realis- 
tic problem, in recent years very good quanti- 
tative approximations have been developed. 
Computer programs to implement these 
methods for real materials are now becoming 
readily available for any materials researcher. 

Experimentalists do not yet have to fear 
the unemployment line, however. The suc- 
cesses of computational materials science are 
concentrated on a fairly small selection of 
properties, most of them electronic or ther- 
modynamic. There is still a wide gap between 
the type of information that first-principles 
calculations can produce and many of the 
properties materials engineers want. The di- 
rect output of first-principles calculations are 
energies, band structure, charge density, 
crystal constants, bond lengths, and so forth. 
Although these are important properties, 
they are often difficult to relate to more mac- 
roscopic (but technologically relevant) 
properties, such as strength, corrosion resis- 
tance, creep, crystal structure, microstruc- 
ture, transformation temperature, and kinet- 
ics, among others. Building this link between 
electronic structure methods and macro- 
scopic "engineering" information, remains 
one of the foremost challenges of computa- 
tional materials science. This road from first- 
principles methods to quantum engineering 

is littered with potholes. Lack of a good 
theory for properties can lead to misguided 
predictions, as has been illustrated by the 
search for a material that is harder than dia- 
mond. In what was probably the earliest at- 
tempt to develop a superior material from 
quantum mechanics, Liu and Cohen (7) pre- 
dicted in 1989 that the C3N4 analog to p- 
Si3N4 might be harder than diamond. The 
large application potential of such a hard, 
inexpensive material set off a worldwide ex- 
perimental effort to validate the prediction. 
However, a property such as hardness cannot 
be directly evaluated from quantum mechan- 
ics, and there is currently no quantitative 
theory that even relates it to anything that 
can be calculated from first-principles. The 
prediction of super hardness for p-C3N4 was 
therefore based on the bulk modulus, a much 
simpler property that represents the stiffness 
of the material, and can be calculated easily. 
It now appears that the bulk modulus may 
not be the best indicator of hardness (8), and 
p-C3N4, even if ever synthesized success- 
fully, will probably fail the scratch-test 
against diamond. 

The other major challenge of computa- 
tional materials science is the prediction of 
crystal structure (9). While the properties of a 
material in a given structure can sometimes be 
predicted, it is still very difficult to demon- 
strate that the particular structure chosen will 
be stable, or can at least be synthesized meta- 
stably. The fact that there have beenno repro- 
ducible sightings of $-C3N4 indicates that it is 
probably not very stable. For all the sophisti- 
cation of first principles theory, structure pre- 
diction is still approached with brute (but in- 
effective) force. To "predict" the structure of a 
compound, researchers compute, at best, the 
energy of a few "reasonable" candidate ar- 
rangements and then proclaim the one with 
lowest energy to be the stable one. While such 
an approach may be reasonable when working 
on well-known systems, it is of little benefit 
when dealing with novel or complex multi- 
component materials. The prediction of 

structure for compounds and mixtures is 
therefore one of the still missing Cornerstones 
on which the success of computational mate- 
rials science needs to be built. Fortunately, 
significant advances are being made in this 
area (1 0) and phase stability in binary systems 
can now be reasonably well predicted. 

All in all, the future is bright for computa- 
tional materials science, because it will un- 
doubtedly continue to gain importance for 
materials research aind development. The 
stage is set: Traditional materials research is 
time-consuming and expensive, while com- 
puting becomes faster and less costly. In the 
2 1st century, competitiveness in materials re- 
search and development is therefore likely to 
require experimental programs that are well 
integrated with computational modeling. 

With computing power becoming less of 
an obstacle, computational materials sci- 
ence must focus on the need for quantitative 
materials theories in order to apply what is 
found from atoms and electrons to macro- 
scopic properties. This requires replacing the 
qualitative theories that are now common in 
materials science. Ironically, this is an area 
in which first-principles modeling can prob- 
ably get a lot of help from experimentalists. 
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