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Abstract

 Ferroelectric perovskite oxides exhibit unique 
physical properties and are used in variety of 
technological applications.  Using quantum-mechanical 
simulations, we have computationally investigated 
recently synthesized materials for use in naval SONAR 
and have developed composition-property correlations in 
ferroelectric perovskites.  We also use density functional 
theory (DFT) calculations to show that the use of 
ferroelectric oxide as support for metal catalysts can 
greatly affect the reactive properties of the metal surface 
and its interactions with the gas phase molecules.  This 
can enable dynamic, real time control of catalytic 
performance.  Additionally, accurate atomistic 
calculations are used to study dynamics of polarization 
switching in ferroelectric materials.   

1.  Introduction 

 Perovskite oxides (with formula ABO3) have a wide 
range of structural, electrical and mechanical properties, 
making them vital materials for many technological 
applications, such as ultrasound machines, cell phones, 
and computer memory devices.  Perovskite solid solutions 
with high piezoelectric response are of particular interest 
as they can be employed as sensors in SONAR devices.  
When such a material is deformed by underwater sound 
vibrations, it generates an electric field which can then be 
interpreted by a computer to gain information, such as 
depth and distance.  This information is crucial for the 
defense and operation of naval submarines and vessels.  
The surfaces of ferroelectric materials are unique in that 
their chemical and electrical properties can be non-
invasively and reversibly changed, by switching the bulk 
polarization.  This makes ferroelectrics useful for 
applications in non-volatile random access memory 
(NVRAM) devices and can also give them unique 
capabilities in heterogeneous catalysis.   

 Most of these materials are complex systems with 
some degree of disorder, making them challenging to 
study experimentally and theoretically.  However, as it is 
their complexity which gives them their favorable 
properties, highly accurate modeling which captures the 
essential features of the disordered structure is necessary 
to explain the behavior of current materials and predict 
favorable compositions for new materials.   
 Recently, a combination of methodological 
improvements and rise in computer speed has made first-
principles and atomistic calculations a viable tool for 
understanding these complex systems.  In particular, the 
DFT approach[1,2] offers a combination of accuracy and 
computational speed that can reveal the microscopic 
structure and interactions of complex systems[3–5].
Information from DFT calculations can also be used to 
create accurate, yet computationally inexpensive atomistic 
models for use in molecular dynamics (MD) simulations.  
Here, we report on our density functional simulations of 
state-of-the art high performance piezoelectrics[6,7] and 
ferroelectric/metal heterostructures for catalytic 
applications[8].  We also use atomistic molecular 
dynamics simulations to investigate the dynamics of 
polarization switching in ferroelectric materials.   

2.  Methodology

 For all the DFT calculations presented here, we use a 
plane-wave basis set.  Such a basis set is complete and 
offers the advantage of carrying out operations in both 
real space and reciprocal space through the use of fast 
Fourier transforms.  Calculations are done using the 
standard local-density approximation [9] exchange-
correlation functional using our in-house plane wave code 
and the DACAPO code (http://dcwww.camp.dtu.dk/
campos/Dacapo).  To reduce the computational cost of the 
calculations we use designed non-local[10] optimized[11]

and ultrasoft[12] pseudopotentials to represent the 
interactions of the nucleus and the core electrons with the 
valence electrons.
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 Minimization of the energy with respect to the 
electronic degrees of freedom is done using the blocked-
Davidson[13] iterative diagonalization procedure[14] with 
Pulay density mixing[15].  Ionic minimization is performed 
using a quasi-Newton algorithm[16].  DFT calculations are 
performed on supercells of up 60 atoms, with a variety of 
atomic configurations examined to ensure accurate 
modeling of the disordered perovskite structures.   
 Molecular dynamics simulations of the domain wall 
motion in PbTiO3 were performed using an atomistic 
model.  This model is based on electrostatic, repulsive 
and bonding interactions as encapsulated in Brown’s 
valence theory of bonding in solids[17].  A database of 
first-principles structures, energies and forces was used to 
fit the model parameters.  Our model proved successful in 
studies of bulk PbTiO3, providing a firm foundation for 
studies of domain wall dynamics.  In all MD simulations, 
we used the Nose-Hoover thermostat with 1 fs time step.   

3.  Results

A. Structure Property Correlations in Bi-Based 
Solid Solutions  

 Prediction of material properties from chemical 
composition is a fundamental goal of materials science 
and a vital requirement for effective computational 
materials design.  Despite intense theoretical and 
experimental research[3,18–25] into technologically 
important ferroelectric and piezoelectric perovskite solid 
solutions, quantitative relationships between composition 
and properties are still mostly lacking.  Recently, Bi 
perovskite alloys with PbTiO3 (PT) have been shown to 
be promising candidates for new, lead-free or lead-
reduced piezoelectrics with improved properties.   
 Contrary to the mostly linear dependence on 
composition observed for Pb-based systems, ferroelectric 
to para-electric transition temperatures of all BiBO3-PT 
solid solutions exhibit strong nonlinear and often non-
monotonic dependence of Tc and c/a on composition.  
Such surprising non-monotonic behavior is inconsistent 
with the intuitive expectation that an alloy’s properties 
should be a mixture of the two end-members.  The 
microscopic mechanisms behind these effects are 
currently poorly understood[26,27].  The transition 
temperature is of particular importance for applications, 
as it sets the upper temperature limit of device operation.  
Understanding the influence of composition on Tc is thus 
crucial for creating high performance devices for high 
operating temperature conditions.  Below we summarize 
the results of our investigations on the structure-property 
correlations in BiBO3-PT materials, published in Phys. 
Rev. Lett., 98, p. 107601 and Phys. Rev. Lett., 98, p. 

037603, 2007, with High Performance Computing 
Modernization Program (HPCMP) support.   
 To understand the relationships between atomic 
properties and overall structure, we study a series of 

2+ 4+ 2 4
1/2 1/2 3 1/ 2 1/ 2BiB B O -PT B =Mg,Zn;  B =Zr,Ti  solid 

solutions, which span the range of behaviors observed in 
BiBO3-PT systems (Figure 1).  The BiZn1/2Ti1/2O3-PT 
(BZT-PT) solid solution exhibits a positive curvature 
parabolic dependence of Tc on x, with Tc reaching 1,000K 
at x=0.4, the limit of BZT solubility in PT.  This is 
currently the highest Tc observed for any PT solid 
solution.  On the other hand, BiMg1/2Zr1/2O3-PT (BMZ-
PT), BiMg1/2Ti1/2O3-PT (BMT-PT) and BiZn1/2Zr1/2O3-PT
(BZZ-PT) solid solutions show negative curvature 
parabolic dependence of Tc on x.  In the case of BMZPT, 
the initial rise in Tc is essentially negligible, while for 
BMT-PT and BZZ-PT it is more significant.  For 
BMZPT, Tc decreases rapidly, and at 50/50 composition it 
is 300K lower than the Tc of PT.  BZZ-PT exhibits a 
non-monotonic dependence, with an initial rise and a drop 
in Tc for x> 0.15.  A similar non-monotonic trend is 
observed for BMT-PT as well, but with a much smaller 
curvature, with Tc varying by less than 30K from x=0 to 
x=0.5.   
 We find that a strong correlation exists between the 
theoretical polarizations and experimental Tc values for 
BiBO3-PT systems (Figure 2).  This means that DFT 
computation of material local structure and polarization 
can serve as an excellent predictor of the materials 
properties in experimentally-unexplored Bi-based 
perovskites.  The relationship between P and Tc links 
changes in local equilibrium structure to changes in 
collective response at finite temperature.  Thus, 
understanding how BiB B O3 substitution affects material 
polarization is the key to explaining the compositional 
dependence of ferroelectric Tc.
 Our analysis is of the composition-property
correlations is based on the previous finding that ionic 
displacement is a transferable property of the cation-
oxygen complex for a range of PT solid solutions, 
expressed by the reference displacement magnitude 
( 0

MD ).  We find that the displacement magnitudes for all

cations are the largest for compositions with high 
concentration of Zn and Ti ions 
and are the smallest for Mg- and Zr-rich systems 

0 0
Zn Ti=0.25,   =0.25D D

0 0
Zr Mg=0.13,  =0.08D D .  This means that A-site and B-

site displacements are strongly coupled[3,28] and enables 
prediction of DM values from the average crystal chemical 
characteristics of the solid solution A- and B-sites.  Since 
changes in P are mainly the result of changes in cation 
displacements DM, understanding the effects of 
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compositional changes on DM also enables prediction of P
and Tc trends.   
 We use these reference displacements to characterize 
the cation environment in Bi-based ferroelectrics and to 
quantify the dependence of DM on the local environment.  
Analysis of the ground state structural DFT data shows 
that the changes in average ionic displacement can be 
expressed as  

0 0 0
M M A M B M A M BD a D b D x a D ba D0 , (1) 

where DM is the change in displacement of cation M due 
to alloying of x fraction of a BiB 1/2B 1/2O3 fraction into 
PT, 0

AD  and 0
BD are the average reference 

displacement magnitudes of the A- and B-sites, 
respectively, and aM and bM are coupling coefficients.  
This is best illustrated in Figure 3 showing DTi data 
extracted from our relaxed DFT structures.  We note that 
the data for x=0.25 and x=0.50 compositions fall into two 
distinct groups with similar slope bTi.  The 0.5BiBO3 data 
in Figure 2a are shifted upward from the 0.25BiBO3 data 
by a constant amount.  This reflects the dependence of 

DTi on 0
AD , which is larger for x=0.5 than for x=0.25,

due to the replacement of Pb cations  with Bi 

cations .

0
M

0
Pb =0.45D

0
Bi =0.08D

 The linear dependence of the cation displacement on 
BiB 1/2B 1/2O3 fraction x gives rise to a quadratic 
dependence of P on x, and non-monotonic dependence of 
Tc on composition.  The fraction of a given cation in 
solution is linear in x and each ion's displacement also 
exhibits a linear dependence on x.  The material 
polarization is due to the sum total of contributions of the 
individual cations and has both linear and quadratic 
dependence on x:

0
M MP Z D , (2) 

, (3) 0
tot M M M M

M

P x P Z D

B , (4) 0 2 0 0
tot M M M M M M

M
AP x P x Z a D b D

where MZ  are the Born effective charges. 
 For BiB 1/2B 1/2O3 substitution into PT, for the A-site, 
the replacement of Pb  by Bi 0

Pb =0.45 ÅD

0
Bi =0.08 ÅD  increases the 0

AD , promoting larger 
polarization. On the other hand, the large Ti displacement 
(0.28 Å) means that BiB 1/2B 1/2O3 substitution into 
PbTiO3 produces a negative 0

BD , except in the case of 
BZT substitution.  This gives rise to a negative quadratic 
dependence of P on x.  The combination of a positive 

linear dependence on x and a negative quadratic 
dependence on x is the origin of the non-monotonic 
changes in P and Tc.
 The range of Tc behavior observed in BiB 1/2B 1/2O3-
PT solutions is due to the interplay between the linear and 
the quadratic terms in Eq. (4).  In BZT-PT, the strong Zn 
off-centering does not inhibit A-site displacements 

0
B =0D  leading to a steady increase in P and Tc.  At the 

other extreme, in BMZ-PT the negative quadratic effect 
of A-B coupling is very strong  due to 
inclusion of Mg and Zr ions.  This over-powers the 
favorable effect of greater Bi content and leads to a small 
initial decrease in P and Tc at x=0.25 and then a much 
larger drop at x=0.5.  Since the same physical principles 
govern other ferroelectric solid solutions, we expect that 
this framework is applicable to the study and design of 
new ferroelectric materials.  Expressing the local 
displacements in terms of transferable atomic 
characteristics allows us to link material composition with 
macroscopic properties such as polarization and transition 
temperature.  Such an approach should be helpful in 
making compositional variation—the most-often used 
method of material modification, a more predictable and 
effective tool in design of new materials with enhanced 
properties.   

0
B =-0.15 ÅD

B. Dynamically Tunable Catalysts  

 Ferroelectric materials exhibit a flexible and dynamic 
surface chemistry.  The spontaneous bulk polarization 
found in ferroelectric oxide materials can be changed both 
in magnitude and direction by an application of external 
perturbation such as stress or an electric field.  Changes in 
polarization are accompanied by structural and chemical 
changes at the surface of the oxide material, resulting in a 
rich dependence of interactions at the oxide/gas and 
oxide/metal interfaces on the oxide bulk polarization.  
This flexibility has resulted in the use of ferroelectrics in a 
variety of technological applications.  Recent theoretical 
and experimental research has shown the oxide-metal 
interface plays an important role in catalytic removal of 
pollutants and other chemical processes[29–31].
 For a catalytically active metal supported by 
ferroelectric oxide, the changes in ferroelectric bulk 
polarization will affect the properties of the oxide-metal 
interface and give rise to changes in the reactivity and 
catalysis at the surface of the metal.  In such a case, 
dynamic control of the ferroelectric polarization would 
enable external con-of catalytic activity in real time. 
Below we present a summary of our density functional 
theory investigation (published in Phys. Rev. Lett., 98, pp. 
166101, 2007, with HPCMP support) of the effects of a 
ferroelectric substrate on the electronic and catalytic 
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properties of a metal surface using ultrathin Pt films 
supported on a PbTiO3(100) substrate as an example. 
 We find that the effects of the polarization on 
molecular and atomic chemisorption energies on the Pt 
surface are dramatic, as shown in Figure 4.  For CO, C, O, 
and N, switching the PbTiO3 polarization from P+ to P
induces changes of 0.4 0.6 eV in the chemisorption 
energy on a monolayer-thick Pt film.  As the Pt film 
thickness is increased, the changes in chemisorption 
energy with respect to Pt(100) become less dramatic, but 
remain significantly greater than the error bar of 0.01 eV 
in our DFT calculations.  As Figure 4 demonstrates, the 
effects of the substrate polarization extend over a length 
scale greater than the screening length of Pt( 0.5 Å), 
indicating the importance of polarization-induced changes 
in atomic structure and chemical bonding in addition to 
the polarization charge  Interestingly, the adsorption 
behavior does not vary monotonically with respect to film 
thickness, but oscillates relative to Pt(100) values, with 
opposite phases for the P+ and P  interfaces, suggesting 
Friedel oscillations in the metal screening. 
 The oxide substrate polarization also has a significant 
effect on adsorption site preference energies.  While the 
site preference energies converge to the unsupported 
Pt(100) values more quickly than the chemisorption 
energies, the changes can be quite dramatic on a single-
layer Pt film (Figures 4e–h).  For instance, CO 
chemisorption is equally strong on the top and bridge sites 
on unsupported Pt(100), but an underlying P+ interface 
induces a 0.55 eV bridge site preference.  Flipping the 
polarization direction destabilizes adsorption at the bridge 
site, resulting in a top-site preference of 0.23 eV above 
the P  interface. 
 It is now well known that the dissociative 
chemisorption energy (Ediss) is a key determinant of the 
catalytic properties for molecular reactions on surfaces.  It 
has been shown that for optimal catalytic performance 
Ediss should be between -1 eV and -2 eV [33].  As the data 
in Table 1 show, the magnitude of Ediss depends strongly 
on the direction of the PbTiO3 polarization, changing 
significantly both with respect to the oppositely polarized 
surface and the unsupported Pt(100) film.  More 
importantly, Table 1 demonstrates that the presence of the 
polarized substrate can shift the dissociative adsorption 
energy significantly closer to the optimal range.  For 
instance, the dissociative chemisorption energy for N2 on 
Pt(100) is large and positive (+1.60 eV, unfavorable).  
Supporting the Pt on P  TiO2-terminated PbTiO3 reduces 
Ediss to +0.74 eV, but switching the polarization direction 
to P+ results in a negative (-0.12 eV, favorable) Ediss, near 
the optimum for this reaction.  This effect could greatly 
accelerate the conversion of N2 and H2 into ammonia, 
since N2 dissociation is the rate-determining step. 

Table 1. Computed dissociative chemisorption 
energies on PbTiO3/Pt as a function of 

polarization direction for monolayer and bilayer 
Pt  films.  Energies are in eV. 

Interface P nP: CO O2 NO N2

PbO/Pt p+ 1 0.23 1.24 1.77 0.28
PbO/Pt p+ 2 0.68 1.54 1.12 1.88
TiO2/Pt p+ 1 0.21 1.20 1.95 0.12
TiO2/Pt p+ 2 0.48 1.56 1.27 1.60
PbO/Pt p 1 0.04 2.40 1.94 1.10
PbO/Pt p 2 0.40 1.54 1.42 1.28
TiO2/Pt p 1 0.07 2.54 2.19 0.74
TiO2/Pt p 2 0.65 1.38 1.21 1.54
Pt(100) 0.54 1.62 1.30 1.60
Pt(111)[33] 0.37 2.17 1.27 1.37

 Our results have demonstrated the ability to 
significantly alter the surface electronic structure and 
catalytic activity of a metal thin film by switching the 
polarization of an underlying ferroelectric oxide.  Our 
results suggest the possibility of tuning the reactivity and 
selectivity of catalysts in real time by applying electric 
fields to ferroelectric oxide-supported films. 

C. Domain Wall Motion in Nonvolatile Memory 
Devices

 Ferroelectric materials have ideal properties for use 
in non-volatile memory devices.  Due to atomic 
displacements in the minimum energy crystal structure, 
ferroelectric materials have a spontaneous electric 
polarization which remains stable in the absence of an 
external electric field.  The direction of this polarization 
can be switched by applying an electric field, resulting in 
two distinct, stable states, which can easily be translated 
into the binary 1’s and 0’s used in data storage.   
 The properties of ferroelectric materials are 
currentlybeing utilized in some non-volatile memory 
storage applications, such as non-volatile random access 
memories (NVRAM), in which electrode/ferroelectric/ 
electrode layers are incorporated into traditional CMOS 
devices.  Compared to other existing non-volatile 
technologies such as Flash and EEPROM’s (electrically 
erasable and programmable read-only memories), 
ferroelectric NVRAM (FERAM) requires low power 
consumption and short-programming times, making it 
very attractive.
 The speed of polarization switching is of obvious 
importance for fast read and write operations in NVRAM.  
This is intimately connected with domain wall dynamics.  
Currently, the progress in the design of improved 
NVRAM devices is hampered by the lack of 
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quantitatively accurate theoretical understanding of the 
nucleation and growth processes involved in the domain 
wall motion.  Symmetry breaking by an external electric 
field on the 180° domain wall is known to be the driving 
force of the ferroelectric domain-wall motion.  If the field 
is applied along the polarization direction of one of the 
domains, the system will become more energetically 
stable as the size of this domain increases.  The domain 
wall speed has been found to be proportional to 
exp(-Ea/E) (Merz Law), where Ea is the activation field 
and E is the applied electric field.  A notable theory 
supporting Merz’s thesis was developed by Miller and 
Weinreich (MW), who suggested that the critical nucleus 
is an atomically thin triangular plate with a large aspect 
ratio, which then expands laterally on the same atomic 
plane.  However, the experimental data has shown that 
MW overestimates the activation field by an order of 
magnitude.  Thus, the details of the mechanism and the 
intrinsic properties of the domain dynamics are still 
unclear.  This is due to the experimental difficulties in 
detecting the dynamical behavior of the polarized region 
in a very short time and due to the difficulty in 
computationally simulating a sufficiently large supercell.   
 The starting point for our MD simulations is a 
periodically poled bicrystal supercell of PbTiO3 with 
alternating up-and down-domains separated by 180° (100) 
domain walls.  At low-temperature equilibrium and in the 
absence of external fields, the walls have a width of two 
layers, in agreement with the result in the literature[35].
Initially, three layers were polarized up and 15 layers 
were polarized down, and each layer had Ny × Nz unit 
cells, with lattice constants b = 3.9 Å and c = 4.15 Å 
respectively.  After equilibrating the system, we applied 
the electric field in the range of 0.45 to 0.65 MV/cm.  
When an external field is applied, nuclei randomly form 
on the domain wall, and their population increases with 
time.  These time-dependent events were found to behave 
as a Poisson process, in that the probability that no 
nucleus has formed exponentially decreases with time t as 
shown in Figure 5.  This permits the extraction of a 
nucleation rate J from the MD data.   
 For small supercells, interaction between periodic 
images may give rise to artifacts.  To eliminate this 
problem, we carried out a series of domain wall motion 
studies on supercells, increasing the wall area from 
(3×3)bc to (6×6)bc, where b and c are the PbTiO3 lattice 
constants.  The third dimension was kept constant at 18b.
This diminishes the unphysical cell-to-cell interaction.  
For lower temperatures (less than 250K), the nucleation 
rate J converges to a constant value at (5×5)bc, indicating 
that the nucleation process is no longer affected by 
interactions between the periodic images.  For higher 
temperatures (greater than 250K), nucleation rate 
converges for simulations of (6×6)bc.  The convergence 
of J with wall area is shown in (Figure 6).   

 Following the above procedure, we determined 
the simulation-area-independent, steady-state J(T, E) for 
various temperatures and applied fields.  Analysis of the 
results reveals that nucleation follows the Merz law with 
an activation field Ea,n of 1.2-6.6 MV/cm over 200–300K 
temperature range (Figure 7).  The activation fields found 
for the nucleation process by our simulations are in strong 
disagreement with the MW theory predictions (using 
Ps=0.76 C/m2, dielectric constant =60 and a(100) domain 
wall energy 100=0.11 J/m2) of critical width ly 43 Å, 
critical height ly 53 Å and Ea,n=40 MV/cm at E=500
kV/cm and T=240K.  However, our results are in good 
agreement with experimental measurements which found 
the activation field of 1 MV/cm for PZT films closely 
related to the PbTiO3 material used in our study.   
 Our simulations show that there is significant need to 
revise the MW theory.  Analysis of the microscopic 
features of the critical nucleus will be the next step and 
will be used to construct an accurate theory of nucleation 
process in FE polarization switching.   

4.  Conclusion

 Using first-principles DFT calculations, we have 
investigated the properties of ferroelectric materials.  For 
bulk piezoelectrics, relationships between atomic 
composition, electronic structure, and technologically 
important properties were elucidated.  These offer 
guidance for the design of new piezoelectric materials 
with superior performance.  In our studies of dynamically 
tunable catalysts, we have demonstrated that the chemical 
bonding changes at the oxide/metal interface directly 
translate into the changes in the chemical interactions at 
the metal/gas interface.  This has a large impact on the 
catalyst reactivity, opening the door for design of more 
efficient and flexible catalysts.  Our molecular dynamics 
simulations of polarization switching in PbTiO3 have 
shown that the classical theory of nucleation on the 
ferroelectric domain wall is only qualitatively correct, 
with an order of magnitude difference between the 
activation energies predicted by the theory and found by 
our MD simulations.  This necessitates a development of 
a new theoretical model for understanding the nucleation 
and growth domain wall motion process.   
 The authors would like to thank P.K. Davies and I.W. 
Chen for many useful discussions.  This work was 
supported by the Office of Naval Research under grant 
number N-000014-00-1-0372.  We also acknowledge the 
support of the National Science Foundation, through the 
MRSEC program, Grant No. DMR05-20020, and the Air 
Force Office for Scientific Research Grant No. 
FA955007-1-0397.  Computational support was provided 
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5.  Significance to DoD

 The perovskite oxides are used extensively in modern 
naval SONAR devices, non-volatile memories and 
telecommunications applications.  The US Navy would 
reap a considerable military advantage from developing 
SONAR-detecting materials and microwave materials 
with higher performance, lower cost and less harmful 
environmental side effects.  Understanding the behavior 
of current perovskite oxides is critical for the goal of 
developing new materials.  Once the relationship between 
the atomic composition, structure and materials properties 
are understood, new materials that improve upon existing 
technology can be designed.  Our DFT calculations have 
revealed the microscopic origin of transition temperature 
which sets the operating range of piezoelectric devices 
and suggested a series of new promising compositions for 
next-generation piezoelectric materials.  Our 
demonstration of the dynamically tunable catalyst 
paradigm, suggests a new design principle for pollution 
control devices used in Navy engines.  Simulation of 
polarization switching are vital for obtaining microscopic 
insight and guidance for design of efficient and robust 
non-volatile ferroelectric memory devices, for use in the 
challenging Navy operating environment.   

Systems Used

 The work presented here was carried out on the 
Engineer Research and Development Center’s SGI3900, 
Cray XT3, and Cray X1, the Arctic Region 
Supercomputer Center’s X1, and the Army High 
Performance Computing Research Center’s Cray X1E 
machines.  Typically, ionic relaxation run in about a day 
on the Cray X1 machine and in about a week on the SGI 
3900 and the XT3 machines.  Both DFT codes use the 
iterative matrix diagonalization procedure to solve the 
quantum mechanical equations, making heavy use of 
LAPACK and BLAS routines. Our in-house code is 
especially suited to running on the vector Cray X1, 
performing with 90% vector efficiency.  This gives rise to 
an order of magnitude difference in run time between the 
X1 and the SGI platforms.  Typically, runs use 4–16 
processors, which in the case of the X1 platform is 4–16 
MSP (each MSP itself consists of 4 processors).  The 
code is highly scalable with a parallelization efficiency of 
almost 100% for a small number of processors (<20) and 

dropping of to slightly above 50% at 128 processors 
(Figure 8). 

Computational Technology Area

 Computational Materials Science  
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Figure 1. Experimental variation in Tc for BZT-PT, BZZ-PT, 
BMT-PT and BMZ-PT solid solutions.  Experimental data 

points shown by symbols.  Tc of PT shown by dashed line. 

Figure 2. Correlation between theoretical P values and 
experimentally observed Tc values.  The dotted line shows a 

fit of experimental Tc data to theoretical P data, using Tc = 
aP2.

Figure 3. Total Ti displacement magnitude DTi versus the 

average B-site reference displacement value 0

BD .  Data for 
x=0.25 BiB B O3 and 0.50 BiB B O3 compositions shown by 

circles and squares respectively.  The displacement 
magnitudes are proportional to the average off-centering 

ability of the B-site as characterized by 0

BD .  The x=0.50 data 
are shifted up by a constant amount relative to x=0.25 data, 
indicating a linear coupling of Ti displacement to changes 

in 0

AD

Figure 4 (a–d). Chemisorption energies for CO[32], O, C, and N 
as a function of polarization direction and Pt thickness for 

the PbO/Pt interfaces.  Red plus signs indicate the P+

interface and blue minus signs represent the P  interface.  
The zero of energy corresponds to Echem on unsupported 

Pt(100).  (e-h) Site preference energies for CO, O, C, and N.  
The solid black lines give Esite for the adsorbates on 
unsupported Pt(100).  Points above the dotted lines 

represent a change in the preferred bonding site relative to 
Pt(100). 

HPCMP USERS GROUP CONFERENCE 2007 (HPCMP-UGC 2007)
0-7695-3088-5/07 $25.00  © 2007



Figure 5. The fraction of simulations exhibiting no nucleation 
at time t.  As a Poisson process, this probability is an 

exponential function and its exponent corresponds to the 
nucleation rate J.

Figure.7. Nucleation rate as a function of applied electric field 
E and temperature T.  The plot clearly conforms Merz law 
dependence v  exp( Ea/E) [34].  Different slopes show that 
the activation field Ea is dependent on temperature. 

Figure 8.  Parallelization efficiency for our in-house DFT 
code.  The speedup is nearly 100% for less than 20 

processors and still remains above 50% even for 128 
processors. 

Figure 6. Size dependence of the nucleation rate on 180° 
domain wall.  The wall area is changed from 3×3bc to 6×6bc.
For all temperatures, convergence is reached for 6×6bc wall 

area.
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