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Abstract

Recently, in materials innovations, computational methods are used more frequently
than in past decades. In this thesis, the materials genome initiative, an advanced new
framework, will be introduced. With this blueprint, our efficient high-throughput
software, AFLOW, has been implemented with several compatible functions for ma-
terials properties investigations, such as prototype searching, phase diagram studying
and magnetic properties discovering. With this effective tool, we apply ab initio cal-
culations to discover new generation of specific materials properties.

An efficient algorithm for prototypes comparision has been designed and imple-
mented into our high-throughput framework AFLOW. In addition, prototypes clas-
sification was utilized to differentiate the our materials database. This classification
will accelerate the materials properties searching speed. With respect to structure
prototypes, low temperature phase diagrams were used for binary and ternary alloy
systems stability investigation. The alogrithms have been integrated into AFLOW.
With this tool, we systematically explored the binary Ru systems and Tc systems

and predicted new stable compounds.
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Introduction

Recently, the advancement of science and technology has been hindered in many
areas because of the lack of appropriate materials. Thus, an integral part of the
ongoing effort in science is material innovation. This effort has led to a new concept,
the materials genome initiative, that was inspired by the use of DNA as a blueprint
for biological organisms. This materials genome initiative provides a path for devel-
oping a broad framework for material discovery. To implement this initiative, some
fundamental groundwork must be laid, which includes the development of compu-
tational and experimental techniques and methods to manipulate large amounts of
data. As part of this effort, our work involved developing computational methods

and constructing large databases.
1.1 High-throughput software - AFLOW

We implemented several efficient algorithms in our high-throughput (HT') framework
AFLOW, which is a next-generation software designed to discover material properties
and is based on ab initio calculations. We propose to calculate materials properties

and optimize data by using the Vienna Ab Initio Simulation Package (VASP) [Kresse
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and Hafner (1993)], which is based on ab initio density functional theory (DFT).
VASP uses the projector-augmented-wave (PAW) method [Gajdos et al. (2006)] or
pseudopotentials and a plane-wave basis set [Kresse and Hafner (1993)]. By using
the local density approximation, VASP relaxes crystal structures by accurately esti-
mating the ground states. By integrating VASP into the AFLOW framework, DFT
can be applied to a single structure or to sets of structures by using stored data or
data obtained from incomplete calculations.

AFLOW automates the calculation of large-scale structures; it requires less human
intervention and provides a suite of physical observables over a specified class. The
software also allows the user to set up standardized calculations for special cases. To
optimize the accuracy of the large quantity of data produced by the HT approach
(and therefore the credibility of the results), the entire process must be executed in
a consistent and robust manner. It is important for AFLOW to strictly follow this
rule, because the target is to simultaneously optimize multiple material properties
for diverse applications. In particular, electronic structure and thermodynamics
properties are important for the development of superconductors and catalysts of
materials [Kolmogorov et al. (2008); Wolverton et al. (2008)]. By simply launching
AFLOW as a Unix daemon through the queue query of a computer cluster severer,
AFLOW can generate data, run them through the algorithm, and obtain convergence
to obtain a large set of results in a single day and with minimum manual intervention.

The principal function of this tool is to differentiate between stable and metastable
structures by optimally relaxing the ground-state energy. It also offers numerous
qualified functions, including electronic-band-structure visualization, phonon spectra
detection, reconstruction of phase diagrams, optimization of vibrational free energy,
expansion of the atomic environment [Daams et al. (1992)], and classification of the
crystal-structure prototype. For example, AFLOW uses three distinct methods to
simulate phonon dispersion curves, including the PAW linear response method, the
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frozen-phonon method (which is implemented by FROZSL [Boyer et al. (1995)]), and
the direct force-constant method [Maradudin et al. (1971)]. Each of these approaches
is appropriate for different research purposes. By using these powerful methods, we
investigate materials properties in different situations. Note that AFLOW is still
under construction; hence, new applications will be periodically integrated into the
source code.

Recently, the most difficult challenge has been that the automatically generated
HT database terminates because of the failure of a single calculation. The likely
cause of this phenomenon is limited hardware resources. To circumvent the problem,
we preprocess the data and analyze the strategy. For instance, to avoid conflict be-
tween different tasks and group jobs when they run on the same computer node, we
must roughly estimate the memory requirements. In addition, interruptions caused
by runtime errors of the ab initio calculation itself also terminate the process. The ab
1natio errors involve incorrect geometries, inconsistent atom locations, inconsistent
reciprocal and £ lattice meshes, and invalid input, to name a few. AFLOW automat-
ically detects most of these errors and attempts to correct the input and rerun the
calculation. This process is implemented by tracking the error message, rebuilding
the appropriate input, and restarting the ab initio calculation.

The AFLOW database contains over 400 experimental crystal-structure proto-
types extracted from the Navy Crystal Lattice Database [Mehl (2012)], the Inorganic
Crystal Structures Database (ICSD) [Mighell and Karen (1993); Karen and Hellen-
brandt (2002); Brown et al. (2005); Belsky et al. (2002)], and the Pauling File [Villars
et al. (2004)]. The majority of these prototypes are quickly generated by the online
AFLOW tool (1.1) or by the Linux command-line version of AFLOW. Sometimes
the relaxed crystal structures (basis, shape, side-cell volume) generated by AFLOW
appear to be ground states that do not exist in the experimental prototype lists

[Curtarolo et al. (2005)]. In such cases, the structures are added to the structure
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database.
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FIGURE 1.1: Screenshot of AFLOW online tool.

The AFLOW database contains a few million fce- and bee-derived superstructures,
which contain over 20 atoms per lattice cell. Similar to hep-derived superstructures,

these structures are formulated by the algorithm from Refs. [Hart and Forcade



(2008)] and [Hart and Forcade (2009)]. In fact, only several hundred of these crystal
structures are used to construct alloy systems, but their use is advantageous for
expanding clusters [Sanchez et al. (1984); Gus L. W. Hart and Zunger (2005); Lerch
et al. (2009)].

1.2 Materials database - AFLOWLIB.ORG

In addition to developing AFLOW, we also developed a materials database, which is
a difficult task because of the large number of crystal-structure frames and element
combinations involved. To obtain geometrical information and other properties of
materials, researchers usually depend on empirical data from commonly used ex-
perimental databases such as ICSD, the Pauling File Inorganic Materials Database,
Pearson’s Crystal Data [P. Villars (1991)], and CRYSTMET [White et al. (2002)].
Although these databases contain large quantities of data, their datasets are not
complete. Many reasons may explain this observation; the main one being that the
material synthesis strategy calls for long equilibration times and high temperature
and pressure. Thus, to discover modern materials, computational databases are
required.

The computational materials database generated by AFLOW [Curtarolo et al.

(2012a)] is called aflowlib.org and contains the following repositories:

1. alloy systems including energies, ground states, unstable structures, and phase

diagrams (currently, most of the phase diagrams are binary);

2. electronic information on inorganic materials such as electronic band structure,

effective mass, etc.;

3. magnetic properties including spin polarizations, magnetic moments, and other

related parameters.



The construction of this online-based database is ongoing and diverse data continue

to be added on a regular basis.
1.2.1 Alloy systems

For alloy systems, the HT framework AFLOW generates input files and runs the ab
initio calculations. Almost 650 binary alloy systems containing over 150,000 distinct
compounds, including metals, alkali metals, and transition metals, have been gener-
ated. The system also generates crystal structure space groups, the Strukturbericht
designation or crystal structure prototypes, and ground-state energies. This infor-
mation is available by accessing our online database aflowlib.org (1.2), where the

following options are displayed:

1. all: This option allows the user to generate complete data for a given binary
system. The data for original structures and relaxed structures are produced by
AFLOW and the output is presented as a webpage (1.3). Fig. 1.4 demonstrates
the list of relaxed structures for the AsGe system with an As concentration
of 0.5. In the second line, we list the ground state of the system with the
prototype of the structure. In addition, the label ”Emin-GND” will addict to
that structure. The list also enables differentiating original structures from
relaxed structures. For instance, at line 4, the structure begins as prototype

Pd,Ti (space group 74) but changes into prototype C11, (space group 139).

2. commonly used lattices: Several widely used lattice types exist, such as fcc,
bee, and hep. The software can generate the systems with these listed lattices,

which is very powerful for cluster expansions [Nakatsuji (1978)].

3. binary low-temperature phase diagrams: Zero-temperature phase dia-
grams are constructed from the formation enthalpies of a large number of crys-

tal structures. These formation enthalpies in turn are automatically computed
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by AFLOW from the results of the ab initio calculations. Based on these en-
thalpies, AFLOW applies an efficient algorithm to establish the binary convex
hull and produces the low-temperature phase diagrams. The details of the

low-temperature phase diagrams are introduced in Chapter 3.
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FIGURE 1.2: Interface of online binary alloy database.



[FeTifls?] # A R E E E E E E E E E E E E R AT E R AR E R R T E R R EERREER R R R
[FETi/137] # =—m—mm e e e e
[FeTi/f137] FeTif137

[FeTi/137]) # Structur@ PRE =memmeeccccccccccccccccccc e e e e e — e ——————
[FeTi/137] Fe_pvTi_swv.137

[FeTi/f137] =-90.351500

[FeTi/137] =0.50000000000000 0.86602540000000 =1.63299320000000
[FeTi/137] 0.50000000000000 0.86602540000000 =1.63299320000000
[FeTi/137] 0.00000000000000 =3.46410160000000 1.63299320000000
[FeTi/137] 2 4

[FeTi/137] Direct(6) [A2B4]

[FeTi/137] 0.11111111111111 0.11111111111111 0.72222222222222 Fe_pv+5s
[FeTi/137] 0.66666666666667 0.66666666666667 0.33333333333333 Fe_pv+s
[FeTi/137] 0.00000000000000 0.00000000000000 0.00000000000000 Ti_sv+5
[FeTi/137] 0.33333333333333 0.33333333333333 0.66666666666667 Ti_sv+s
[FeTi/137] 0.44444444444444 0.44444444444444 0.38888888888889 Ti_sv+5
[FeTi/137] Q.7777TTTTIITITTT8 Q.7777TTTIITITTT8 0.05555555555556 Ti_sv+5
[FeTi/137] # Structure POST =—-mmmecccccccccccccccccccccccc s e c e ——————
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[FeTi/137] 2 4

[FeTi/137] Direct(6) [A2B4]
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[FeTi/137] 0.63902454532835 0.63902454532835 0.27747800162871
[FeTi/137] 0.96615904328719 0.96615904328719 0.95241018298471
[FeTi/137] 0.31127059483969 0.31127059483969 0.60268204064326
[FeTi/137] 0.46650718293809 0.46650718293809 0.45287351491229
[FeTi/137] 0.81161873449059 0.81161873449059 0.10314537257085
[FETLi/137] # =m oo
[FeTi/137] -50.07520000000000 # H [eV] (VASP)

[FeTi/137] -8.34587000000000 # H/at [eV] (VASP)

[FeTi/137] -0.23550300000000 # Hf/at [eV] (VASPE)

[FeTi/137] -0.00007305000000 # Mom/at

[FeTi/137] 14.10770000000000 # Volume/at

[FeTi/137] 0.33333333333333 # Ca

[FeTi/137] 0.66666666666667 # Cb

[FeTi/137] Cc2/m #12 # space group PRE

[FeTi/137] I4/mmm #139 # space group POST XX

[FeTif13?] #‘ S S S S S S S SRS EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESEEE

FIGURE 1.3: Structure data containing label, lattice vectors, and element informa-
tion.

The binary alloy systems are used for theoretical investigations of structure stabil-
ities. By comparing the results of these theoretical investigations with experimental
data, we can determine the accuracy of our predictions of new compounds. For ex-
ample, we selected Mg binary systems by mixing Mg with 34 other elements [Taylor
et al. (2011)]. Over one third of these 34 systems are consistent with experimental
results and have even led to predictions of new compounds. Furthermore, seven sys-
tems should phase separate according to experimental results [Baker et al. (1986)].

However, our results indicate that these systems can form stable phases. Thus, the
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1-CONCENTRATION=0.6666667

*str= 188 Ef=-0.2571 dEf=0.0000 sg=[ Cmem #63 Cmem #63] €49 ZrSi_{2} (0.0) Emin

*str= 150 Ef=-0.2552 dEf=0.001% sg=[ Cmem #63 Cmem #63]  Zrsi_{2} 0Cl2 (0.0)

str= §57.BA Ef=-0.2382 dEf=0.0190 sg=[ Immm #71| I4/mmm #139]XX Pd_{2}Ti oI (0.0)

str= 232 Ef=-0.2360 dEf=0.0211 sg=[ I4/mmm #139%| I4/mmm #139] Cl1_b MoSi_ {2} BCC_{RB2}"{[001]} (0.0)
str= 287 Ef=-0.2359 dEf=0.0213 sg=[ I4/mmm #139| I4/mmm #139] CuZr_{2} (0.0)

str= 137 Ef=-0.2355 dEf=0.0216 sg=( C2/m #12| I4/mmm #139]XX 137 (0.0)

str= 5 Ef=-0.2354 dEf=0.0217 sg=[ T4/mmm #139| T4/mmm #139] ‘\betal FCC_{AB2}"{[100]} (0.0)
str= 66 Ef=-0.2354 dEf=0.0217 sg=[ T4/mmm #139| T4/mmm #139] Cl1_b MeSi_{2} BCC_{BB2}"{[001]} (0.0}
str= 7 Ef=-0.2345 dEf=0.0227 sg=[ Tmmm #71| T4/mmm #139]XX MoPt2 (0.0)

str= 261 Ef=-0.2221 dEf=0.0350 sg=[ Fd-3m #227| Fd-3m #227] NiTi_{2} (0.0)

str= 147 Ef=-0.2118 dEf=0.0453 sg=[ Cmem #63| I4/mmm #139]¥¥ 147 (0.0)

str= 211 Ef=-0.2054 dEf=0.0517 sg=[ Pnma #62 Pnma #62] €37 Co_{2}8i (0.0)

str= 234 Ef=-0.1825 dEf=0.0747 sg=[ I4/mem #140| I4/mem #140] C16 Al {2}Cu (0.0}

str= 231 Ef=-0.1822 dEf=0.0749 sg=[ I4/mem #140| I4/mem #140] C16 Al {2}Cu (0.0)

str= 270 Ef=-0.1739 dEf=0.0833 sg=[ P6/mmm #191| P-3ml #164]XX C6 CdI_{2} (0.0)

str= 62 Ef=-0.1716 dEf=0.0855 sg=[ P-3ml #164| P-3ml #164] BCC_{AB2}"{[211]} (0.0)

str= 134 Ef=-0.1256 dEf=0.1315 sg=[ c2/m #12 c2/m #12] 134 (0.2)

str= 208 Ef=-0.1102 dEf=0.1469 sg=[P63/mme #194|P63/mme #194] €22 Fe_{2}P (0.0)

str= 135 Ef=-0.0973 dEf=0.1598 sg=| c2/m #12 c2/m #12] 135 (0.0)

str= 133 Ef=-0.0509 dEf=0.2062 sg=[ Cm #8 cm #8] 133 (0.0)

str= 276 Ef=-0.0227 dEf=0.2345 sg=[P63/mmc #194|P63/mmc #194] Wi {2}8i (0.0)

str= 274 Ef=-0.0214 dEf=0.2357 sg=[P63/mmc #194|P63/mmc #194] BB {2} (0.0)

str= 382 Ef=-0.0172 dEf=0.2400 sg=[I41/amd #141|I41/amd #141] Ga_{2}HE (0.1)

str= 249 Ef=-0.0093 dEf=0.2478 sg=[I4l/amd #141|I41/amd #141] C_c ThSi_{2} (0.0}

str= 9 Ef=+0.0349% dEf=0.2920 sg=[ P-3ml #164| P-3ml #164] ‘alphal FCC_{AB2}"{[111]} (0.0)
str= 284 Ef=+0.0663 dEf=0.3234 sg=[I4l/amd #141|I41/amd #141] GdSi-2(1l.) (0.0)

str= 257 Ef=+0.0701 dEf=0.3272 sg=[ Pnnm #58 Pnnm #58] C18 marcasite Fes_{2} (0.0)
str= 267 Ef=+0.0701 dEf=0.3272 sg=[ Pnnm #58 Pnnm #58] C18 marcasite Fes_{2} (0.0)
str= 281 Ef=+0.0755 dEf=0.3326 sg=[ Pa-3 #205 Pa-3 #205] C2 pyrite Fes_{2} (0.0)

str= 390 Ef=+0.0845 dEf=0.3416 sg=[ P4/mmm #123| P4/mmm #123] Hg_{2}Pt (0.0)

str= 216 Ef=+0.1285 dEf=0.3856 sg=[ P6/mmm #191| P6/mmm #191] €32 AlB_{2} (0.3)

str= 246 Ef=+0.1286 dEf=0.3857 sg=[ P6/mmm #191| P6/mmm #191] hP6 Caln_{2} (0.3)

str= 190 Ef=+0.3009 dEf=0.5580 sg=| P-3ml #164| P-3ml #164] ‘\Omega Z=14 (0.0)

str= 315 Ef=+0.4104 dEf=0.6675 sg=[P63/mmc #194|P63/mme #194] C36 MgNi_{2} (0.3)

str= 183 Ef=+0.4179 dEf=0.6750 sg=| Fd-3m #227| Fd-3m #227] C15 Cu_{2}Mg (0.3)

str= 178 Ef=+0.5114 dEf=0.7685 sg=[P63/mmc #194|P63/mme #194] C14 MgZn_{2} (0.0)

FiGURE 1.4: Each line in the list gives an original structure and the corresponding
relaxed structure.

predicted structures are worthy of use in advanced materials.

In addition to the Mg systems, we also investigated systems involving Re, Ru, and
Rh, which are mainly used as catalytic materials. Although most of these systems
do not form compounds, our results still indicate that some structures are stable.
Some of these stable structures are likely to be found only at certain temperatures;
therefore, they can be considered to elicit the discovery of new materials. Although
structures cannot be formed at room temperature, they can exist on the nanoscale,
especially in the case of nanocatalysts. To design efficient nanocatalysts, all the

possible theoretical structures should be considered.
1.2.2  FElectronic information

Our aim is to create a database that contains complete electronic data, such as band

structures and bandgap, for all existing compounds. This is a challenging project



that is still ongoing. A first milestone already achieved is the selection and calculation

of over 13,000 structures from over 200,000 ICSD compounds. The data generated

would be available by accessing our user-friendly online database. A good example

of an electronic structure is shown in Fig. 1.5.

CHoose DATABASES

™ structure Properties (] Electronic Properties (] Thermoelectric Properties () Scintillator Database || Magnetic Fraperties

SearcH ArLowLie (16900 Compounps)

Name or ICSD Number | Feel Lucky!
Element(s) Usage: &and), |(or), ~(not), ~(xor), m(metal) e.g. ~Si and Al: having Al but not Si

Species number

Material Type (anytype %) Lattice System

Space Group Number | | Pearson Symbol

Minimum band gap = | eV Maximum band gap = | eV

Minimum <P,>/L = uW/cmKZnm Maximum <Pp>/L = uW/cmkZnm
Minimum <Pp>/L= | pW/cmKZnm Maximum <Pp>/L= | pW/cmkZnm
Minimum Magnetic Moment = pp/atom Maximum Magnetic Moment = pg/atom
Minimum AS(Eg) = Maximum AS(Eg) =

25 results per table

Bravais Lattice (any lattice 2)

(structure properties)

(electronic properties)

(thermoelectric properties)

(thermoelectric properties)

(magnetic properties)

(magnetic properties)

FIGURE 1.5: Screenshot of options.

For the online database, several options are available to narrow down the range

of target materials. Some of the options are explained below:

1. Choose Database: Six optional databases are available, including databases

of structure properties [Curtarolo et al. (2012a)], electronic properties [Setyawan

et al. (2011)], thermoelectric properties [Fogden (1993)], scintillator properties

[Levy et al. (2010b)], and magnetic properties. The additional option ”Job

Status” is reserved for future development.

2. Name or ICSD number: The user can access certain structures by directly

entering their names in the alphabetical order (e.g., Al1Co2Mnl), their unique

ICSD number (e.g., 57618), or even their unique ICSD label
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10.

11.

(Al1Co2Mn1_ICSD_57618). If the results are available in the database, they

are provided in the form of a table viewable in a web browser.

Elements: The user can select materials by combining elements with logical
operators such as "and” (& ), "or” (|), "not” (~), and "xor” (A). In addition,
an extra option "metal” (m) is available. For example, the user can enter ” Al
& Co & m ~ Mn” to select all possible materials that are metals containing

aluminum, cobalt without manganese, and any other elements.

Species Number: With this option, the user can limit the number of elements
from which the material may be made. For example, entering ”3” for this option

limits the search to only ternary compounds.

. Materials type: This option has only two choices: metal or nonmetal (insu-

lator or semiconductor).
Lattice system: Narrows the result to one of seven lattice systems.

Bravais lattice: The user can choose one of fourteen Bravais lattices as the

constraint.

Space group: The user can restrict the space group for the structures to one

of 230 possible space groups.
Pearson symbol: Select structures with certain Pearson symbols.

Band gap: Only materials falling into a specified bandgap range are shown in
the result table. The user supplies the maximum and minimum bandgap values
to determine the range. The default range is determined by the maximum and

minimum values for our materials database.

n-type or p-type: This option is for the power factor.

11



12. AFLOW version: Data can be searched by the AFLOW version.
13. Result per page: The default value is 40 entries per page.

For example, by searching with element ”Al” and three species in three databases,
the result table would normally appear as shown in Figs. 1.6, 1.7, and 1.8. In addi-
tion, the user can obtain detailed information by clicking a name listed in the table.
Clicking on a compound name given in the result table brings up the webpage for
that compound through a permanent universal resource locator (url). For conve-
nience, the unique url for each entry has already been created and is stored on our
server. Figs. 1.10 and 1.11 show the normal format of each compound entry for
AgiAl;0, ICSD_95662. This page gives information on the lattice (number of atoms
per cell, lattice type, superlattice, and symmetry operations including point group
and space group), reciprocal lattice, and electronic properties. Furthermore, we not
only provide the data for the compound but also generate graphical data, such as a
dynamic three-dimensional lattice, Brillouin-zone figure, and band-structure figure.

The data provided is consistent with ab initio calculations.

Index AName (1] 1CSD Number (1] Bravais Lattice Number of Atoms Space Group Number Pearson Symbol Density (g/em?) Prototype Name

AgiALPry

FIGURE 1.6: Result table from structure database. The table contains the compound
name, unique ICSD number, Bravais-lattice type, number of atoms per primitive cell,
space group number, Pearson symbol, density, and prototype.

1.2.3  Magnetic properties

ICSD is not the only database; the system also offers the Heusler magnetic database.
This database is built by combining the Heusler, inverse Heusler, half-Heusler, and

12
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IFirs] [140) [41-80] [81120] [121-160] [161-190] Las] 190 results found
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| amano, | oseee HEX (Hexagonal Lota 7 o 108 105 ) 645 1029 ASIAII02ICSD 95662
AniALO 99688 e 16 1290 3 » 296 5 530 597 106 AGIAIIO2ICSD_99685
AnAlLS, | 2536 : 181a 336 [ 236 56 916 00t AEIAIIS2_ICSD_25356
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FI1GURE 1.7: Result table from electronic properties database. The table contains
the compound name, unique ICSD number, Bravais-lattice type, number of atoms
per primitive cell, bandgap, fitted bandgap, effective mass of electrons and related
parameters, mismatch mass ratio, valence-band width, core bandgap, and prototype.

e e i g
T
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— o R e = @, | Gap | (mo) | (mg) | () | (mg) e o b (o) | GW/emK2nm) | (uW/emK2nm) | (xW/emK2nm) | (4W/emKinm) | (iW/emKnm) | (:W/emK2nm) | (uW/emK2nm) | (W/emKinm) | (V/K) | (1V/K) Prototype Name
G| e G [ | | 3 | egienm) | GieptCam) | GWepiam | Gaepice) | G/egiCam | GpiEam | GepiCam | Giegicam) | 00| G

FIGURE

1.8:

power factor,

database.

Result table from thermoelectric database.

The table contains the

Seeback coefficient, and all the data from the electronic properties

New Search
[First] [140] 14180 [81-120] [121-160] [161-192] [Last) 192 results found
Index AName (1] 1CSD Number [1] Bravais Lattice Number of Atoms Attenuation Length (cm) (3] Prototype Name

1 AgiAl 0y 9566: HEX 166700 Ag1AI102_ICSD_95662

2 Ag|ALO, 99638 ORC (Orthc 16 2.12300 AgIAI02_ICSD.
Ag1ALS, 5356 HEX (He: 4 254100 AgIAIIS2_ICSD_25356
AgjALSy 28744 s 291200 AglAIIS2_ICSD_28744
AgjAliSey 8745 8 239300 AglAlISe2_ICSD_28745
AgjAlTey 16 8 208900 AgIAIITe2_ICSD_28746
AljAs|04 512 6 351100 AlIASI04_ICSD_24512

8 AljAs; Oy 0211 18 3.60500 AllASI04_ICSD_ 29211

FIGURE 1.9: Result table from scintillator database. The table contains the atten-
uation length and structure parameters.

30 elements that have a high probability to form magnetic materials, as determined

by ab initio calculations. Its selection constraints are different from those offered

through the website.

1. Prototype: The default setting for this option selects all structures from

which the database is constructed, except that only Heusler, inverse-Heusler,
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Ag,ALO, (ICSD# 95662)

Peaaxewr URL: https //aflowlib.org/material .php?proto_name=AglAl102 ICSD 95662
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FIGURE 1.10: Structure-information entry for Ag; Al;Os.

or half-Heusler structures may be chosen.

2. Bandgap: This is the same as the ICSD bandgap. The user can enter the

bandgap range to constrain the search for materials.

3. Bandgap type: The database search can be constrained by three types of

bandgaps: metal, direct bandgap, and indirect bandgap.

4. Magnetic moment: This option is similar to the bandgap option and is used

to constrain the range of magnetic moment per atom of materials.

5. ASg,: ASg, represents the spin polarization at the Fermi level. Setting this

option constrains the result to materials within this boundary.

These options allow the user to easily target materials with the desired properties

from our online database. After submission and with the multiple constraints set,



ELECTRONIC PROPERTIES

Band Gap: 1614 eV Electron Mass:
Fit Band Gap: 3.089eV

Band Gap Type: Indirect

071 (mg) Magnetic Moment/atom:
Hole Mass: 105 (mg)

0.00 pg/atom

Band Structure:

Density of States (Statesfe V')

1 g .

Energy (eV)

H AILMIKH 0 2 4 6 8

10 12
AFLOW - www aflowlib.org consortium

FIGURE 1.11: Electronic-information entry for Ag;Al; O,.

AFLOW generates a result table that differs from an ICSD-generated result table.

The AFLOW result table lists the compound name, prototype, volume, magnetic

moment related, bandgap, bandgap type, spin polarization at the Fermi level, and

spin decomposition. These table entries are explained below:

1. Name: This column gives the common compound name for each structure,

such as Al,CoyMn;.

2. Proto type: This column indicates where the structure comes from. There

are three prototypes: Heusler (AlCuyMn), inverse Heusler (CuLisSn), and half-
Heusler (AgAsMg).

3. Volume: This column gives the volume of the primitive cell.
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4. p, p/atom, p/V: The quantity p is the magnetic moment for the given cell.
The natural unit for magnetic moment is the Bohr magneton (up).The quantity
p/atom is the magnetic moment per atom and p/V is the magnetic moment

per volume.

5. Spin decomposition: The spin decomposition is the magnetic dipole moment

projected onto each atom.

In addition to these parameters, the table also gives the bandgap, bandgap type, and
other information similar to what is listed on the ICSD-generated result table. By
using this user-friendly online database, we can scan the entire database to extract
materials with the desired physical constants. To demonstrate an application, we

use our database to investigate spintronics, which is introduced in chapter 4.
1.3 Discovery of advanced materials

The materials database constructed with AFLOW has been applied to several research
areas. In this section, we report results achieved with topological insulators, thermo-
electric materials, and alloy systems.

A topological insulator is an insulator within its bulk but a conductor on its
surface. A recent study [Hasan and Kane (2010)] shows that the main search strategy
for topological insulators consists of observing their electronic structure and strong
spin-orbit coupling properties. In AFLOW, the electronic structures of compounds
are automatically generated by calculating the structures of compounds from the
ICSD [Karen and Hellenbrandt (2002); Brown et al. (2005); Belsky et al. (2002)].
Furthermore, to improve the accuracy, AFLOW can calculate the spin-orbit coupling
for the selected structures.

Thermo-electrical materials provide another example. The best thermo-electrics

are those with the maximum figure of merit (Z7) [Snyder and Toberer (2008)].
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AFLOW calculates the electronic structures and extracts the related parameters,
such as the Seeback coefficient (S), the electrical conductivity (o), and the thermal
conductivity (k). These are used to determine the figure of merit (Z7) (Eq. 1.1),
which is the primary parameter. The quantity Z7T can be systematically obtained

from AFLOW calculations as follows:

2
a7 = 5L (1.1)
K

Spintronics applications involve devices that exploit the interplay between the
solid state environment and particle spin [Zuti¢ et al. (2004)]. A half-metal [Eschrig
et al. (2003); Pickett and Moodera (2001)] is a material that acts as an insulator for
one spin direction but as a conductor for the opposite spin direction; half-metals have
potential applications in spintronics. Our group has created a magnetic properties
database for discovering half-metals. The database focuses on ternary structures
and Heusler structures because we believe compounds with such structures are most
likely to become half-metals.

For half-metals, the essential parameter that is checked is the spin polarization
at the Fermi level (ASg,),which is given by Eq. (1.2). In this equation, N, is the
total number of spin-up (and N_ is the total number of spin-down) particles. We use
the trapezoidal rule to numerically integrate the number of spin-up and spin-down

particles for ASg, . Detailed information on this topic is presented in Chapter 4.

(1.2)
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2

Structure Prototypes

2.1 Introduction

An enormous number of known crystal structures have been discovered and the
quantity of these structures is steadily growing. In order to gain insight into the re-
lationships between patterns and mechanisms in configurations of crystal structures,
we proposed to design a systematic approach to crystal structure classification. The
basic principal in the classification of crystal structures is the crystal prototype—an
abstraction of the crystal system by differentiating crystal structure with respect
to geometry and symmetry. The crystal prototype is one of a crystal group with
the same atomic density in primitive cell, the same Bravais lattice type, the same
atomic environment and the same coordinates of each atom. This approach of-
fers an effective path for selecting materials with specific properties in a first and
general prediction quickly and accurately. A large number of structure properties,
from different compounds, can be explored and deduced by comparison from similar
structures [Curtarolo et al. (2003)].

A prototype database, from structures of compounds in the Inorganic Crystal
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Structures Database (ICSD) [Mighell and Karen (1993); Karen and Hellenbrandt
(2002); Brown et al. (2005); Belsky et al. (2002)] evaluated by high-throughput (HT)
quantum mechanical calculations, has been created. As an example of this method,
the Pt-Ru (platinum-ruthenium) system can be considered. Two ostensibly equiva-
lent structures (same Bravais lattice, Pearson symbol, and even space group) exist;
however, each has a different ground state energy and magnetic energy. In conjunc-
tion with our HT framework AFLOW [Curtarolo et al. (2012b)], with our effective
algorithms implemented into the program, we can easily classify these two structures
into two different groups.

With our crystal structure prototype database, we can easily generate structures
with diversity of species. Then, these theoretical created structures will be fully
relaxed by our efficient tool, AFLOW. During this process, prototype classification
will help the user to avoid redundant ab initio calculations. For instance, in the
system AlCo, we have three compounds Al;Co;, Al,Coy and Al4Coy. If we utilize
these three compounds to construct our Al-Co alloy system, we need to calculate
these three compounds respectly. In fact, these three structures share same struc-
ture pattern, which means only one of them should be calculated instead of all. To
differentiate these patterns, prototype classification function will be loaded and gen-
erate a table of classification results. We will add the structures, which are unique
and ground states after relaxation, to our prototype database. Then we can establish

alloy systems with these unique structures without any repeated calculations.
2.2 Prototype classification method

In past decades, space group and Bravais lattice type usually were utilized as crystal
structure classification methods. Space group and Bravais lattice type both represent
the crystal structures for long-range order. In fact, two structures have same space

group or Bravais lattice type may have different structures with distinct ground state
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energies. On the other hand, Daams [Daams et al. (1992)] has mentioned short-range
order is a dominant factor for intermetallic properties. Based on this theory, we
apply both short-range and long-range orders as constraints to classification, which
improves the accuracy of materials selections for specific properties.

For crystal systems classification, the general algorithm performs as follows. Sev-
eral constraints have been applied for calculating geometry of different compounds.
These include Bravais lattice type, Pearson symbol, point group of crystal pattern,
factor group, the site symmetries of corresponding atoms and atomic environment.
From this starting point, we compare two different compounds restricted by these
constraints. Then we can differentiate whether two atomic configurations are equiva-
lent or not. Furthermore, we can scan all the compiled ICSD, comparing each struc-
ture versus existing prototypes, to establish prototype classified database. With this
classified database, we can get the compounds with similar structures and ground
states quickly.

Following are the steps for comparison of two structures:
1. Geometrical parameters initialization.

2. Primitive cell standardization of crystal structures.

3. Structures comparison with several constraints

4. Prototype output

These four steps will be explained in details in the following sections.
2.2.1 Geometrical parameters initialization

Geometrical parameters are the data describing where the atoms are located and
what the coordinate system of crystal structure is. With these parameters, we gen-

erate the geometrical input file. To be consistent with future work, we use the input
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format from Vienna ab initio Simulation Package (VASP) for first principal calcu-
lation. This geometrical file called a POSCAR, which contains compound name,
lattice vectors, coordinates of atoms and species of atoms.

The geometrical file is written in several lines:

1. Name of compound or comment.

2. Universal scaling factor or the total volume of cell, if it is negative.
3. Lattice vectors aq, as, as.

4. Numbers of atoms for different elements, which are same order listed from line

8.

5. Selective dynamics which decide to choose Cartesian coordinates and fractional

coordinates along the lattice vectors.
6. Coordinates of each atom with respect to the element.

Following is the geometrical input file for AuMg. Line one is the title for this
compound. In the second line, the positive number is a scaling factor. Then there
are three lattice vectors in the next three consecutive lines. For the sixth line,
the numbers of atoms with respect to different species are listed. At last, those

parameters are the fractional coordinates and the species name of each atom.

1 AuMg/120 - (120) - HCP [A2B2] (120) (htqc library)

2 -82.016400

3 1.00000000000000  0.00000000000000  0.00000000000000
4 0.00000000000000  0.00000000000000  1.63299316185545
5 0.00000000000000 -1.73205080756888  0.00000000000000

6 22
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7 Direct(4) [A2B2]

8 0.00000000000000  0.00000000000000
9 0.00000000000000 0.50000000000000
10 0.50000000000000 0.00000000000000

11 0.50000000000000  0.50000000000000

0.00000000000000

0.33333333333333

0.50000000000000

0.83333333333333

F1GURE 2.1: Original primitive cell for AuMg.

2.2.2  Primitive cell standardization

Starting from geometrical input files, our efficient tool, AFLOW, will be used to
calculate the structure symmetries and extract the standardized forms of crystal

structures. Without a standardized form, crystal structures comparison are not

amenable to compare coordinates.

The principal of standardizing primitive cell is to determine possible translational

vectors, which are the vectors starting from one atom site and ending in another,
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FIGURE 2.2: Standardized primitive cell for AuMg.

as potential lattice vectors. We scan all the possible vectors to find the ones with
the intersection angle close to 90 degree. Figure (2.1) is the original primitive cell.
With our primitive cell standardizing, the primitive cell has been transformed into a
new coordinates system (Fig 2.2). This process provides us an easy path to clarify

normal structure from different observations.
2.2.8 Structures comparison with constraints

For this new data after standardization, we store the structure data in the program,
which contains space group with symmetry operations and translational operations,
point group with symmetry operations, Bravais lattice type, Pearson symbol and
atomic coordinates both in fractional and Cartesian coordinate systems.

In the following step, the first comparison is made with atomic density in one
primitive cell for two selected structures. The reason for simply comparing the atomic

density in primitive cell is that atoms in one of primitive cell cannot map to another
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one, which has different numbers of atoms in primitive cell. If the numbers are same,
the program continues to compare the lattice type of structures. In this operation,
we believe two structures will have same prototype, if their Bravais lattice types are
the same, because the Bravais lattice type definition is based on atomic sites, which
are the patterns that similar structures will have. Then we could differentiate the
crystal structures into 14 groups of Bravais lattice types. Thus, the comparison is

accelerated by using this classification.

6'% 7-a

FIGURE 2.3: 14 common patterns of atomic environment types [Villars and Daams
(1993)]. Reprinted with permission from Elsevier.

Atomic environment [Daams et al. (1992)] comparison follows the Bravais lattice
type differentiating. Comparison for atomic environment is supported by the idea
that short-range order is the dominant factor, which may affect materials intermetal-
lic properties [Bever (1985)]. Thus, this selection constraint is a reasonable approach
to improve classification accuracy. We first move the origin to an atom and cal-
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FIGURE 2.4: Atomic environment histogram and visualized into polyhedron for cu-
booctahedron [Villars and Daams (1993)]. Reprinted with permission from Elsevier.

culate the relative distance between origin and other atoms. Subsequently, we can
plot the histogram of distances by the maximum-gap rule [Brunner (1971)]. This
histogram can be used to formulate atomic environment polyhedrons. There are 14
patterns of atomic environment types, which represent almost 80 percents of all the
configurations (Fig.2.3) [Villars and Daams (1993)]. Figure (2.4) shows an example
of a histogram and an atomic environment polyhedron of cubooctahedron. The cu-
booctahedron is the atomic environment polyhedron for face centered cubic Bravais
lattice cell. Every corner is occupied by one atom. The nearest neighbor atoms form
the first shell. The number of atoms in different shells are proportional to the height
of bars in the histogram. As the example of cubooctahedron, the first shell contains
12 atoms. Furthermore, this histogram and polyhedron structure are translated into
numerical data. What concerns us is the shell inside the maximum-gap that can be
used to construct atomic environment polyhedron [Villars and Daams (1993)]. Then
we compare the atomic environment using AFLOW.

Finally, an exact method for differentiating similar structures (same atomic envi-
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ronment, same Bravais lattice type, same space group) is to calculate their relative
distant s for atoms in two structures with respect to several certain symmetry opera-
tions and translational operations. With the fact that structures from experimental
data are observed using different rules, same structures will have different atom sites.
When the symmetry operations are applied to one of the structures, the result is a
rotated or shifted set of atoms along the translational vectors, which could map the

atoms to other coordinate systems.
2.3 Results of classification

This efficient tool has been implemented into AFLOW. It has two different functions.
The first function is to classify several structures into different unknown group. The
first selected structure for that group will be the group prototype. Furthermore, the
other function is base on our classification of ICSD database and proto structures
[Curtarolo et al. (2005)]. We use the classified database to search the existed com-
pounds in ICSD or in our binary proto structure database. Table 2.1 provides the

details of binary proto structures.

Table 2.1: Binary prototype table

Structure Number Pearson symbol Name Strukturbericht PROTO Space group
symbols

FCC
1,2 fee/cF4 Fm3m Al Cu 225
l.cub,2.cub fcc/cF4 Fm3m Al Cu 225
3 tP2 P4/mmm Llg AuCu 123
4 hR2 R3m L1 CuPt 166
5,6 16 14/mmm B81/2 AB2 139
7,8 ol6 Immm - MoPt2 71
9,10 hP3 P3ml al/2 AB2 164
11,12 oS8 Cmmm Lls AB3 65
13,15 tP4 P4/mmm Z1/3 AB3 123
14 tP4 P4/nmm 72 A2B2 129

continued ...
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Structure Number Pearson symbol Name Strukturbericht PROTO Space group
symbols
16,18 mS8 C2/m - AB3 12
17 mS8 C2/m W2 A2B2 12
19,21 oP4 Pmmm Y1/3 AB3 47
20 oP4 Pmmm Y2 A2B2 47
22,24 tI8 14/mmm D022 Al3Ti 139
23 tI8 141/amd CH” 40" NbP 141
25,26 cP4 Pm3m Llo AuCu3 221
27,29 hR4 R3m V1/3 AB3 166
28 hR4 R3m V2 A2B2 166
BCC
58,59 bee/cl2 Im3m A2 W 229
58.cub,59.cub bee/cl2 Im3m A2 w 229
60 oS4 Cmmm - ~y-IrV 65
61 cP2 Pm3m B2 CsCl 221
62,63 hP3 P3m1l - AB2 164
64,65 oF12 Fmmm - AB2 69
66,67 t16 14/mmm Cl1, MoSi2 139
68,69 hR4 R3m - AB3 166
70,72 oS8 Cmmm - AB3 65
71 0S8 Cmma - A2B2 67
73,75 mP4 P2/m - AB3 10
74 mP4 P21/m - A2B2 11
76,78 tP4 P4/mmm - AB3 123
7 tP4 P4/nmm B11 ~-CuTi 129
79,81 ol8 Immm - AB3 71
80 ol8 Imma - A2B2 74
82,83 tP4 P4/mmm L6g CuTi3 123
84,86 cF16 Fm3m D03 AlFe3/BiF3 225
85 cF16 Fd3m B32 NaTl 227
HCP

115,117 hep/hep2 P63 /mmc A3 Mg 194
116 hP2 Pgm2 By wcC 187
118,121 oP4 Pmm?2 - AB3 25
119 oP4 Pmmn - CuTe 59
120 oP4 Pmma B19 AuCd 51
123 ol8 C2/m - A2B2 12
122,124 ol8 Imm?2 - AB3 44
125,127 hP4 P6m2 - AB3 187
126 hP4 P3m1 - A2B2 164

128,132 mS12 Cm - AB5 8

continued . ..
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Structure Number Pearson symbol Name Strukturbericht PROTO Space group
symbols
129,134 mS12 C2/m - A4B2 12
130,137 mS12 C2/m - A4B2 12
131,135 mS12 C2/m - A4B2 12
133,140 mS12 Cm - A2B4 8
136 mS12 Cm - A3B3 8
138,139 mS12 Cm - A3B3 8
141,145 o0S12 Amm?2 - AB5 38
142,147 oS12 Cmcm - A4B2 63
143,150 0S12 Cmcm - A4B2 63
*144,148 oS12 Cmcm - A4B2 63
*146,153 oS12 Amm?2 - A2B4 38
*149,151 oS12 Amm?2 - A3B3 38
*152,157 oS12 Amm2 - A3B3 38
*154,160 hP6 P62m - AB5 189
*155,158 hP6 P62m - A2B4 189
*156,159 hP6 Cmcm - A2B4 63
*161,167 hR6 R32 - AB5 155
*162,165 hR6 R32 - A2B4 155
*163,166 hR6 C2/c - A2B4 15
*164 hR6 Cc2 - A3B3 5
*168,169 hP6 P6m?2 - AB5 187
*170,175 hP6 P6m2 - A2B4 187
*172 mS8 P6m2 - A3B3 187
*171,176 hP6 P3m1l - A2B4 164
*173,177 hP6 P63/mmc - A2B4 194
*174 hP6 P3m1l - A3B3 156
178,179 hP12 P63 /mm C14 MgZn2 194
180,181 oP16 Pnma D011 Fe3C 62
182,183 cF24 Fd3m C15 Cu2Mg 227
184,185 cP8 Pm3(bar)n Al5 Cr3Si 223
186,187 hP8 P63 /mmc D019 Ni3Sn 194
188,189 oS12 Cmcm C49 ZrSi2 63
190,191 hP3 P3m1 w phase with Z=1/4 - 164
192,193 oC8 Cmcm B33By CrB 63
194 oS8 Cmcm - IT1 63
195 cP8 P23 B20 FeSi 198
196,197 tP4 P4/nmm 02 - CdTi
198 oP24 Pbcm - InTh 57
199 tI16 14/mcm B37 SeTl 140
201 cF8 Fm3m B1 NaCl 225
continued ...

28



Structure Number Pearson symbol Name Strukturbericht PROTO Space group
symbols
202,203 tI10 I14/mmm Dils BaAl4 139
204,205 hP6 P6/mmm D2y CaCu5 191
206,207 t126 14/mmm D2y, ThMn12 139
208,209 hP9 P62m C22 Fe2P 189
210,211 oP12 Pnma C37 Co2Si 62
212,213 hR19 - - Th2Znl7 166
214,215 cI28 I43d D73 Th3P4 220
216,217 hP3 P6/mmm C32 AlB2 191
218 cF8 F43m B3 ZnS 216
219 hP4 P63/mc B4 ZnS 186
220,221 hP4 P63/mmc B8y NiAs 194
222,223 hP16 P63/mcm D8g Mnb58Si3 193
224,225 hP38 P63/mmc - Th2Nil7 194
226,227 cP8 Pm3n A1l5 Cr3Si 223
228,229 tP6 P4/nmm C38 Cu2Shb 129
230,231 tI12 - C16 CuAl2 140
232,233 t16 I14/mmm C11, MoSi2 139
234,235 t112 I14/mcm C16 Al2Cu 140
236,237 cl184 Im3 Cd6Y (Y12Cd68) 204
238,239 hp24 P6m2 - Co3V 187
238,239 hp24 P63/mmc Pu3Al - 194
**%240,241 - P42/mnm D8, CrFe 136
242,243 oP24 PmnmO2 - NbPd3 59
244,245 - P63/mmc D024 Ni3Ti 194
246,247 hP6 P63/mmc - Caln2 194
248,249 tI12 141 /amd Ce ThSi2 141
**%250,251 t16 14/mmm Cl11, CaC2 139
252,253 cF24 F43m C15; AuBeb 216
254,255 t132 I14/mcm - W5Si3 140
254,255 hP5 P63/mmc D5g La203 194
256 oP8 Pnma B27 BFe 62
257,258 oP6 Pnnm C18 FeS2 58
259,260 hR5 R3m C33 Bi2Te3 166
261,262 cF96 Fd3m - Ti2Ni 227
263,264 t114 I4/mmm - Ti3Cu4 139
265,266 tP10 - - Ti2Cu3 129
267,268 oP6 Pnnm C18 FeS2 52
269,270 hP3 P3m1l C6 CdI2 164
271,272 oC16 Cmcm - YCd3 63
273,274 hP6 P63/mmc B8s Ni2In 194
continued ...
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Structure Number Pearson symbol Name Strukturbericht PROTO Space group
symbols

275,276 hP6 P63/m - Ni2Si 176
277,278 oP8 PmmnO1 DO, BCu3Ti 59
279,280 t116 14/mmm D023 Al3Zr 139
281,282 cP12 Pa3 C2 FeS2 205
283,284 oll2 Imma - GdSi2(1.4) 74
285,286 tI10 14/m D1, MoNi4 87
287,288 t16 14/mmm - CuZr2 139
289,290 cP4 Pm3m DO0g aReO3 221
291,292 tP4 P4/nmm B10 PbO/PbS 129
301,302 cF8 Fd3m Ad C (DIA)
303,304 tI2 14/mmm A6 Indium 139
305,306 tI4 141 /amd A5 BSn 141
307,308 hR6 R3m A7 aAs 166
309,310 cF32 Fm3m - CuPt7 225
311,312 tI18 14/mmm - NbNi8 139
313,314 tI18 14/mmm - V4Zn5 139
315,316 hP24 P63 /mmec C36 MgNi2 194
317,318 oC8 Cmca Al1l aGa 64
319,320 cI58 1(4)3m Al2 aMn 217
321,322 cP20 P4,32 A13 AMn 213
323,324 hP3 P3,1D$ A8 ~Se 152
325,326 hP4 P63/mmc A9 graphite 194
327,328 t12 I14/mmm Aa aPa 139
329,330 tP30 P45 /mnm Ab BU 136
331,332 oP8 I4/mmm Ac aNp 62
333,334 tP4 P4/nmm Ad BNp 129
335,336 hP1 P6/mmm Af hex HgSng_10

337,338 todo - Ag T-50 boron -

339,340 todo - Ah simple cubic -

341,342 todo - Ai BPo -

343,344 todo - Ak aSe -

345,346 todo - Al BSe -

347,348 todo - A3/ aLa -
349,350 hR1 R3m A10 aHg 166

351,352 todo - Al4 In2 -

353,354 todo - Al6 aS -

355,356 todo - Al17 black -

357,358 todo - A20 aU -
359,360 hP18 P63/mcm - Ga4Tib5 193
361,362 tP20 P42/mnm - Al2Zr3 136

continued ...
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Structure Number Pearson symbol Name Strukturbericht PROTO Space group
symbols
363,364 hP7 P6/mmm - Al3Zr4 191
365,366 oF40 F2dd - Al3Zr2 43
367,368 cF112 Fm3c - NaZn13 226
369,370 cP7 Pm3m - CaB6 221
371,372 hP5 P3m1l D519 Al3Ni2 164
373,374 cl40 143m - GadNi(Ga3.62Ni0.97) 217
375,376 oC16 Cmmm - Ga3Ptb 65
377,378 mS44 C12/m1 - Ga9Nil3 12
379,380 cl112 Ia(3)d - GadNi3 230
381,382 t124 141 /amd - Ga2Hf 141
383,384 cF116 Fmm - C6Mn23 225
385,386 oP44 Pnma - Cu8Hf3 62
387,388 0S68 Cmca - Nil0Zr7 64
389,390 tP3 P4/mmm - Hg2Pt 123
391,392 oP20 Pnma - B4Mg 62
393,394 ol64 Imma - B7Mg 74
395,396 oP16 Pbam - Ge3Rh5 55
397,398 tP14 P4/mbm - In4Ti3 127
399,400 tP34 P4/nmm.O02 V8Sh9 V7.495b9 129
401,402 t1160 142d - Li3B14 122
403,404 tP20 Pa/mbm - LiB3 127
405,406 hR4 R3m - LiB-MS1 166
407,408 hP8 P63/mmc - LiB-MS2 194
411,412 cI58 143m - Re24Ti5 217
413,414 mS36 C12/m1 - Ni7Zr2 12
415,416 t140 14/m - Pt11Zr9 87
417,418 oP20 Pnma - AudZr 62
419,420 ol142 Immm - Hf540s17 71
421,422 hP9 P6522 €40 Crsi2 180
423.424.t0 hP68 P6/m - Ag51Gd14.03.t0 175
423.424.t1 hP68 P6/m - Agh1Gd14.03.t1 175
423.424.t2 hP68 P6/m - Agh1Gd14.03.t2 175
423,424.t3 hP68 P6/m - Ag51Gd14.02.t3 175
423,424.t4 hP68 P6/m - Ag51Gdl4.02.t4 175
423,424.t5 hP68 P6/m - Ag51Gd14.02.t5 175
423,424.t6 hP68 P6/m - Agh1Gd14.02.t6 175
423,424.t7 hP68 P6/m - Agh1Gd14.01.t7 175
423,424.t8 hP68 P6/m - Ag51Gdl4.01.t8 175
423,424.t9 hP68 P6/m - Ag51Gd14.01.t9 175
425,426 cF184 Fd3m - Zn227Zr 227
continued ...
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Structure Number Pearson symbol Name Strukturbericht PROTO Space group
symbols
427,428 oP24 Pnnm - As2Ti 58
429,430 t184 I14/mmm - GelOHol1 139
431,432 hP48 P6122 - Ir3Zr5 178
433,434 oP6 Pnnm - CaCl2 58
435,436 cP5 P43m - CFe4 215
437,438 mS28 C12/cl - C2Mn5 15
439,440 oP40 Pnma - C3Mn7 62
441,442 hP20 P63mc - Fe3Th7 186
443,444 hR24 R3cr - F3Fe 167
445,446 hR24 P321 - F3Fe 150
447,448 mP4 P12 /ml - NiTi 11
449,450 cP6 Pn3m C3 Ag20 224
451,452 hP9 P3 Bb etaAg2Zn 147
453,454 mC16 C2/m D015 AICI3 12
455,456 hR8 R32 D014 AlF3 155
457,458 hR10 R3c D51 aAl203 167
459,460 cI26 Im3 - Al12W 204
461,462 oP12 P212121 - Ag2Se 19
463,464 hR26 R3 - AlPd 148
465,466 cP16 Pa3 SC16 AlSb 205
467,468 cI52 143m ~Brass CubZn8 217
469,470 hR36 R3m h - BaPb3
471,472 hP8 Cmcm - Hf3Sc*-h321 63
473,474 hP6 P62m - Hf5Sc-h51 189
475,476 mC12 C2/m - BiHf2-134 12
477,478 tP6 P4/mmm - Hf5Pb-f63 123
479,480 oC12 Cmmm - HfPd5 65
481,482 hR276 R3ch - Re25Zr21 167.2
483,484 tP6 P4/mmm Bllg - 123
485,486 tP6 P4mm Bllg - 99
487,488 tP6 P4/mmm Z3 - 123
489,490 tP6 P4mm 73’ - 99
491,492 oP102 Pmn2; Al13Co4 - 31
493,494 ms102 Clm1l Al12.13Co4 eta 8
495,496 hP28 P63 /mmc Al5Co02 - 194
497,498 mp22 P12y /cl A19Co02 - 14
499,500 tP10 P424c - Pd4Se 114
501,502 cF1192 Fd(3)m - NaCd2 227
503,504 hP10 P63/m - Er3Ru2 176
505,506 oP40 Pnma - Pt3Sr7 62
continued ...
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Structure Number Pearson symbol Name Strukturbericht PROTO Space group
symbols
507,508 cF120 Fm3m - Ir4Scll 225
509,510 oP276 Pnna - Ru25Y44 52
511,512 cP252 P4,32 - RuZn6 213
513,514 mP4 P21/m B19’ NbRu-8" 11
515,516 cF96 Fd3m - §CdNi 227.2
517,518 hP3 P3m1l - Cd2Ce 164
519,520 hP3 P6/mmm - Hg2U 191
521,522 hP9 P62m - InMg2 189
523,524 oS16 Cmcm - Cd3Er 63
525,526 hP8 P63 /mmc - CdMg3 194
527,528 hP24 P63 /mmc - CeNi3 194
529,530 oP32 Pnma - CoSc3 62
531,532 tP4 P4/mmm - Pb3Sr 123
533,534 hR36 R3mh - PuNi3 166
535,536 oP16 Pnma - YZn3 62
537,538 hR4 R3m - Co2Y2* 166
539,540 mS12 C2/m - Sc2Zr* 12
541,542 ol8 Immm - Mo3Ti*-81 71
543,544 ol8 Imma - MoTi*-80 74
545,546 hR3 P3m1l - ReTi2*-81 164
547,548 t16 14/mmm - Hf2T1*-6 139
549,550 oF12 Fmmm - Be2Zn*-65 69
551,552 ol8 Imm?2 - Re3Ru*-124 44
553,554 hP24 P63cm D021 Cu2.82P 185
555,556 oP108 Pnma - Mg2Au 62
557,558 cF16 Fm3m - BiF3 225
559,560 cI58 143m - Al12Mgl7 217
561,562 0S160 Cmcm - MgAu3-x 63
563,564 0S64 Cmcm - MgAu3+x 63
565,566 oF'48 Fddd - Mg2Cu 70
567,568 hP18 P62c - Mg2Ga 190
569,570 oP24 Pbam - MgGa2 55
571,572 ol28 Ibam - Mg5Ga2 72
573,574 t128 I4/mmm - Mg2Gab 139
575,576 132 141/a . MgGa 88
577,578 hR72/24 R32 - Mg3Hg 155
579,580 hR48/16 R3m - Mg3In 166
581,582 cF408 F43m - Mg44Rh7 216
583,584 cF12 Fm3m - CaF?2 225
585,586 hP8 P63/mmc DO0;1g Al3Ir 194
continued ...
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Structure Number Pearson symbol Name Strukturbericht PROTO Space group
symbols
587,588 cF116 Fm3m - Mn23Th6 225
589,590 cP39 Pm3 - Mg2Znll 200
591,592 mS110 C2/m - Mg4Zn7 12
593,594 cP20 P4,32 - Mg3Ru?2 213
595,596 oS12 Cmcm - Au2v 63
597,598 hP94 P63/mmc - Sr9Mg38 194
600.ABCDE tP30 P45 /mnm o CrFe 136
611,612 cP140 Pm3 - Rh13Sc57 200
613,614 hR13 Imm?2 - FeTW6 166
615,616 oP24 Pbca - AuSn2 61
617,618 mS12 C2./m - Bi2Pd 12
619,620 mS28 C2./m - Bi2Pd5 12
621,622 oP16 Pnma - Bi3Ni 62
623,624 oP32 Pnma - Bi3Y5 62
625,626 cI120 Ta3d - Bi4Rh 230
627,628 hR48 R3m - BiMn3 166
629,630 oP16 Pmma - BiPd3 51
631,632 t112 I4/mmm - BiTi2 139
633,634 mP12 P2;./c - CoSb2 14
635,636 hR78 R3m - Cu7Hg6 160
637,638 oll2 Imma - Hg2K 74
639,640 cl52 143m - Ir2Znl1 217
641,642 t132 14 DO, Ni3P 82
643.AB/BA aP32 PI - KP15 2
644.AB/BA tI116 141 /a - Pu28Zr 88
645.AB/BA cF52 Fm3m B12U - 225
646.AB/BA 0S68 Cmcm TiZn16 - 63
647.AB/BA t1140 14/mcm Rh2Y3 - 140
648.AB/BA tP32 P4/ncc Rh3Pu5 - 130
649.AB/BA tI32 142m a-SV3 - 121
650.AB oP12 Pmma - IrTa 51
651.AB/BA oP36 Pnma - Ge4Smb 62
652.AB/BA oP12 Pnma - CI12Pb 62
653.AB/BA mP16 P12 - NbPt3 11
654.AB/BA cl10 Im3m - Hg4Pt 229
655.AB/BA hR14 R3 - Pd4Pu3 148
656.AB/BA hR15 R3 - Er3Ni2 148
657.AB/BA ol6 Immm - Pd2Ti 71
658.AB/BA tP8 P4/mmm - Pd5Ti3 123
continued ...
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Structure Number Pearson symbol Name Strukturbericht PROTO Space group

symbols
659.AB/BA 0520 Cmcm - Pd3Ti2 63
660.AB/BA tP14 P4/mbm - Hg5Mn2 127
TYPE NUM OF ATOMS PEARSON BRAVAIS NAME LABEL
1 3,1 cIg BCC AglTe3 AglTe3
3,1 clg BCC AulSb3 AulSb3
3,1 cI8 BCC Si1wW3 SilwW3

POSCAR:

AglTed #160.2 - (AglTe3_ICSD_37186) - AglTe3 [AglTe3] hR4 R3mH AgTe3 160 AglTe3_ICSD_37186 ICSD_37186 (icsd library)
(WICKOFF 160.2 #16@) (sg.opt flipped) [BCC,BCC,cI8] (STD_PRIM doi:18.1016/].commatsci.2810.05.010) [BCC,BCC,cIg]
(STD_PRIM doi:10.10816/].commatsci.2010.85.018)#AglTe3_ICSD_37186

-113.74

-3.8522e+00 3.0522e+00 3.0522e+008

3.0522e+00 -3.0522e+80 3.0522e+00

3.0522e+00 3.0522e+80 -3.0522e+00

13

Direct(4)

f. 0. 0. A

5.0858e-01 6.9000e-83 5.0850e-01 B

5.085@0e-01 5.0850e-81 6.9000e-03 B

6.9000e-03 5.0850e-81 5.0850e-01 B

5.28663 5.28663 5.28663 109.471 109.471 189.471 -113.74

Atomic Environment:
6,6,6,6

2 16,18 €152 BCC Ag5Cd8 Ag5Cd8

POSCAR:

AgSCdE #217 - (Ag5CdB_ICSD_6@4897) — AgSCdB [AgSCd8] cI52 I-43m Ag5Cd8 217 Ag5CdB_ICSD_6@4897 ICSD_6@4897 (icsd library)
(WICKOFF 217 #217) [BCC,BCC,cI52] (STD_PRIM doi:18.1@16/7.commatsci.2010.85.018) [BCC,BCC,cI52]

(STD_PRIM doi:18.1016/].commatsci.2010.85.018) [BCC,BCC,cI52] (STD_PRIM doi:1@.1816/].commatsci.2@10.085.018)#Ag5Cd8_ICSD_604897

—-497.38

-4.9912e+00 4.9912e+00 4.9912e+00
4.9912e+00 -4.9912e+00 4.9912e+08
4.9912e+00 4.9912e+00 -4.9912e+00
18 16

Direct(26)

8.0008e+00 6.5000e-081 0.0080e+00 A
3.5008e-01 3.5000e-01 3.5000e-01 A
6.5000e-01 0.0800e+00 0.0000e2+0@ A
9.0008:+00 0.0000e+@0 6.5080e-01 A
8.0008e+00 3.5800e-81 3.5880e-01 A
8.0008e+00 6.4200e-81 6.42080e-01 A
3.5808e-01 3.5B800e-01 0.0000e+lB A
6.4208e-01 6.4200e-01 0.00080e+08 A
6.4208e-01 ©.0000e+00 6.4200e-01 A
3.5808e-01 ©.0000e+@0 3.58080e-01 A
) e+dd  2,1000e-81 08 B
7. 1 7.9 1 7. 1B
2.1008e-01 ©.0000c+00 0.0000e+08 B
9.0008:+00 0.0000e+00 2.1080e-01 B
2.7208e-01 6.2000e-81 2.72080e-01 B
6.5208e-P1 3.E000e-B1 6£.5280e-01 B
3.4800e-01 0.0000e+20 7.2800e-01 B
7.2808e-01 ©.0000e+@0 3.4800e-01 B
9.0008:+00 3.4800e-081 7.2800e-01 B
8.0008e+00 7.2800e-81 3.4800e-01 B
3.8008e-01 6£.5200e-01 £.5200e-01 B
6.200Be-01 2.7200e-01 2.7200e-01 B
7.2808e-01 3.4B800e-01 0.00080e+08 B
3.4808e-01 7.2800e-081 0.00080e+08 B
2.7208e-01 2.7200e-81 6.2000e-01 B
6.5208e-01 6£.5200e-01 3.B8000e-01 B
B8.6451 B.6451 B.6451 109.471 109.471 189.471 -497.38

Atomic Environment:
13,13,13,13,13,13,13,13,13,13,12,12,12,12, 15, 15, 15,15, 15, 15,15,15,15, 15, 15,15

F1GURE 2.5: Table of classified prototypes

For the first function, we input the list of compounds and compare two of them
at each step. After finishing all the comparisons, the result will be written into a file
named “Classify.out” with structure parameters. Figure (2.5) shows an example of
classification results. There is a group number that is counted at the beginning of this
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group. The structure parameters are consistent with the geometrical input file below
the group information. Furthermore, for convinience, the geometrical information of
the first structure with the numerical atomic environment has been written beneath
the group information. This format can systematically be read by our program for
prototype searching purpose.

For the second function, this tool can be used for searching the prototype in binary
alloy prototype database, ICSD or even the database we created ourselves to find
the standard structure. This searching can be realized by initializing geometrical
input file and comparing with the prototypes in the classified prototype database
one by one. With the classification of binary alloy prototype database, redundant

comparisons can be avoid and calculations will be speed up.

2.4  Conclusions

In summary, using the concept of prototype, an effective algorithm has been im-
plemented into AFLOW for materials selection and design for different properties
purposes. Firstly, geometrical parameters will be standardized before prototype com-
parison. With strong constriants on atomic density in unit cell, Bravais lattice type,
Pearson symbol, atomic environment and coordinates matching, structures are ac-
curately compared by our efficient algorithm. In addition, for application of this
algorithm, it can be either utilized for a large number of unknown structures com-
parison, or for a prototype search in databases. With respect of that, these unknown
structures will add to our prototype database. This functionality will be done auto-

matically in the future.
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3

Discovering new materials through phase diagrams

3.1 Introduction

The fast growth of society has increased the need to improve advanced materials for
use in, for example, new catalysts for fuel cells, topological insulators, or thermo-
electric devices. Although numerous materials have been discovered experimentally,
optimized materials for specific purposes are still lacking. Currently, computational
methods are mainly used for discovering new materials.

One computational method of discovery is to study the structural stability of
different systems. We implemented a systematic algorithm in our high-throughput
(HT) software that uses ab initio calculations to study materials properties and used
our prototype database to construct possible structures for binary alloy systems, for
example, ruthenium and technetium. Ruthenium is generally used in the electronics
and chemical industries and is an important catalyst for fuel cells [Taniguchi et al.
(2004)] made of a ruthenium-platinum alloys, which provide the desired electrical
performance. Furthermore, the materials properties of ruthenium are exceptionally

useful in plasma display panels and hard disk drives, and it has potential applica-
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tions in diverse fields, such as preventing corrosion and improving the mechanical
properties of alloys for turbine blades. In addition, ruthenium alloys can also be used
in luxury products (e.g., fountain-pen nibs). Of the 28 binary systems of ruthenium
alloys, 16 are listed as phase separating and 3 as disordered o phases. This leaves 9
miscible systems, which are located in groups I1IB, IVB, and VB of the periodic table
(Fig. 3.3). Because technetium is the only radioactive transition element, it is used
in nuclear fuels; its radioactivity limits its use in experiments. Thus, we find that
only half of the 28 technetium-transition-metal binary systems are phase separating
Villars et al. (2004)]. These non-compound-forming systems are in groups IB, IIB,
VIIB, and VIIIB of the periodic table (Fig. 3.7). Paradoxically, there are still sev-
eral binary systems that can form phases with technetium in these phase-separating
groups, such as manganese, iron, and zinc. The remaining systems are reported to
have phases. This incomplete information indicates that experimental studies are
not sufficient for technetium binary systems. Therefore, computations are required

and preferable to predict the nature of technetium-ruthenium binary systems.
3.2 Constructing convex hulls for phase diagrams

AFLOW is an efficient HT framework based on ab initio calculations. All data pro-
cessed by AFLOW to analyze ruthenium systems come from VASP energy calcu-
lations (Kresse and Hafner (1993)). With exchange-correlation functions and pro-
jected augmented wave (PAW) pseudopotentials, we calculate the energies for various
structures of each binary system at zero temperature and pressure without lattice
vibrations and with spin polarization. The real free energies are usually substituted
by the energies of effective ground states, which are calculated at zero temperature.
Since previous works support this approximation [Levy et al. (2011, 2010a)], the
ground states are determined by ab initio calculations. Therefore, in our investi-

gations of phase diagrams, the energies are calculated at zero temperature and all
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the crystal structures are completely relaxed via ab initio calculations. The calcu-
lation routine consists of finding all possible structures in our binary database (see
Table 2.1) and relaxing the structures. In addition, we use our prototype routine
to determine whether the relaxed structures are unique within the binary prototype
database. The structures that are unique and are not in our database are inserted
as new prototypes for future phase-diagram construction. We then combine these
structures with those already found experimentally [Monkhorst and Pack (1976)]. In
designing the software, we strove to balance the speed of calculation with the accu-
racy of the results. The system allows us to virtually mix the reported structures
with the hypothesized structure to evaluate the miscibility and stability of differ-
ent binary alloy systems with reasonable speed and precise conclusions. Fig. (3.1)
illustrates the strategy of the research plan.

We introduce a path for searching the ground state using a diagram, called a con-
vex hull, to determine the local minimum energies at low temperature. This convex
hull contains the formation energies as a function of concentration. It is constructed
by several lines that connect the lowest-energy-ordered phases for a binary system.
The phases with energies higher than the iso-energy line can be formed by mixing
the structures from each endpoint of this line. Therefore, structures with energies
above the line are considered unstable. Consequently, this diagram gives the sta-
bility of the binary systems at zero temperature. Fig. (3.2) shows an example of a
convex hull. The horizontal axis gives the concentration of niobium starting from
unity (pure niobium) on the left to zero (pure platinum) on the right. The vertical
axis gives the energy of each structure in microelectron volts (meV). This result for
the niobium-platinum binary system reproduces the stable structures found experi-
mentally [Baker et al. (1986)] and allows us to predict several stable structures that
have not been reported. Although the zero-temperature approximation does not lead

to the complete and real phase diagram, we find that the majority of our calculated
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F1GURE 3.1: Phase-diagram research plan.

results are consistent with experimental data [Villars et al. (2004)] and predict un-
reported structures. In addition, ternary systems can be similarly analyzed, but the
corresponding convex hull is extended to three dimensions. This algorithm will be

integrated into AFLOW and the discussion of ternary systems is left for Chapter 4.
3.3 Ruthenium system

Ruthenium’s catalytic properties are well known. It is used as a catalyst in solid oxide

fuel cells. For this purpose, Pt-Ru-Ni and Pd-Ru alloys have been designed for direct
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FI1GURE 3.2: Nb-Pt binary convex hull.

methanol fuel cells [Bagchi and Bhattacharya (2008)] and ethanol alkaline fuel cells,
respectively [Wang et al. (2010b); Prez et al. (2009)]. Furthermore, Pt-Ru alloys were
found to be excellent catalysts that reduce the risk of carbon monoxide poisoning
with respect to that of pure platinum [Okamoto (2004)]. In addition, they also serve
as good substrates in the water dissociation reaction [Desai and Neurock (2003)].
Ru-Ni superalloys are another application of Ru. For this bimetallic compound, the
Ru site occupation is the principal subject of investigation [40,41]. In the study of
the Ru site, dislocation dynamics [Yu and Wang (2009)], interface strength [Gong
et al. (2009); Wang and Wang (2008)], and elasticity [Bleskov et al. (2009)] are
important topics. Ru-doped Nb-based superalloys are also good representations for
Ru-based alloys, and several stable phases of Ru-Nb are shown to be shape-memory

alloys [Shapiro et al. (2006); Tan et al. (2007); Benarchid et al. (2009); Mousa et al.
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(2009)]. Finally, Ru substrates are also found to modify the growth of graphene
[Peng and Ahuja (2010); Chen et al. (2010); Wang et al. (2010a); en Jiang et al.
(2009)].

Combining thermodynamic theory and ab initio methods is useful for investigat-
ing ordered structures and stable compounds, especially in Mo-Ru systems [Kissavos
et al. (2005); Shin et al. (2006); Kissavos et al. (2007); Grns et al. (2008)]. Experi-
mental results should include a series of Ru alloys mixed at a high temperature. In
previous work, MoRus was found to be stable. Other phase-separating systems have
also been explored, such as Ag-Ru, Co-Ru, Cu-Ru, Fe-Ru, Ni-Ru, Ru-Pd, and Ru-
Ta [He et al. (2008); Spisak et al. (2001); He et al. (2007, 2006); Kong et al. (2005);
Wang et al. (2006, 2009)]. The original computation methods are constrained by
the physical models upon which they are based and the hardware upon which they
are executed. As large data in materials science has become a hot topic, the devel-
opment of HT methods has grown quickly. For large systems in materials science,
HT methods are used for materials design and improvement [Curtarolo et al. (2005);
Jéhannesson et al. (2002); Stucke and Crespi (2003); Curtarolo et al. (2003); Wang
et al. (2011); Lewis et al. (2007); Ozolins et al. (2008); Ortiz et al. (2009); Setyawan
and Curtarolo (2010); Setyawan et al. (2011)]. These efficient methods provide in-
sights into trends in material properties and predict materials that have not yet been
discovered experimentally.

In this section, we discuss calculations of Ru binary alloys that have been gener-
ated and run by our HT framework AFLOW. We analyze the stability of compounds
by calculating the enthalpy of formation for possible structures of this binary sys-
tem. We then use these formation enthalpies to construct the binary convex hulls
described in the previous section. For Ru, data from experiments is incomplete.
Among the 28 selected Ru binary alloy systems, 16 are phase separating and 3 are
in the disordered « phase [Villars et al. (2004); Baker et al. (1986)]. Our HT results
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are consistent with experimental results for 9 systems with stable compounds and
predict as-yet unknown materials for five systems: NbRu, RuTa, RuTi, RuV, and
RuZn. Furthermore, the vibrational properties of these systems have been calcu-
lated. Before executing the ab initio calculation, structure relaxation is performed
by AFLOW. The energy tolerance in these calculations is less than that used for
component pseudopotential. Thus, through accurate calculations, these results can
prevent wrap errors and lower numerical errors. The structure is fully relaxed when

the stress tensor components decrease to 0.01 GPa and forces on atoms are less than

10-2 meV/A.
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FiGURE 3.3: Ruthenium binary systems in the periodic table: phase-separating sys-
tem (green), high-temperature disordered system (red), and miscible system (blue).

Table 3.1 presents the ab initio calculation and experimental results. The first
column of the table is not ordered alphabetically but by the Mendeleev number [Pet-
tifor (1984, 1986)]. The three middle columns represent the compounds determined
experimentally [Villars et al. (2004); Baker et al. (1986)], by previous calculations

43



©

o

w
1

-0.06 .
——RuW
—/—RuTc
MnRu
—{—0sRu 1
—&— ReRu
—— [rRu
—— RhRu

-0.09 4 BI19 ~— PtRu
y T

0.0 0.2 04 0.6 0.8 1.0
x concentration (A4 1_IJB’J‘_)

Formation enthalpy (eV/atom)
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forming in experiments and that we predict to be miscible systems. From Jahnatek
et al. (2011)

[Curtarolo et al. (2005)], and by our HT results. All data generated by our calcula-
tion is available through our aflowlib.org online database. These 28 systems can be
classified into three clusters: the compound-forming phase, the high-temperature «
phase, and the noncompound-forming phase. The order of these three clusters is the
same as that in the table, except for the RuZn system. This system forms a stable
compound but remains at the bottom of the table. From our calculations, we find

that the majority of the systems from the top of the table to RuPt are compound-
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F1GURE 3.5: Convex hulls for Nb-Ru, Ru-V, Ru-Y, and Ru-Zn binary alloy systems.
From Jahnatek et al. (2011)

forming systems. Only 4 of 21 systems are noncompound-forming. In these four
system, CrRu is a disordered high-temperature a-phase system and the other three
contain magnetic elements (cobalt, iron, and nickel). In the high-temperature a-
phase cluster, there are three systems whose ground states are all bce structures
containing group-VIB elements. From our HT results, we find Ruz X (X = Mo or W)
with prototype DO0qg.

Based on experiments, 16 systems are noncompound-forming. Our HT calcu-
lations predict that seven of these systems could theoretically form stable phases
(see Fig. 3.4). In particular, four ruthenium binary alloy systems with platinum

groups are extremely important for chemical applications. IrRu, OsRu, and RhRu
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FI1GURE 3.6: Convex hulls for Hf-Ru, Ru-Sc, Ru-Ta, Ru-Ti, and Ru-Zr binary alloy
systems. From Jahnétek et al. (2011)

are predicted to have diverse ground states, and unique ground states only appear in
PtRu with the CdTi prototype. Several ground states predicted by the HT method
do not have a Strukturbericht designation or specified prototype. In Table 3.1, we
use = to label the ground states that have been discovered in former investigations
[m65,88,89]. The symbol  in Table 3.1 represents the new prototype we explored,
and detailed information on it is given in Table 3.2. The difference between previous
work [Curtarolo et al. (2005)] and the current investigation is that to construct the
binary systems, we used a large dataset of crystal structures. In Table 3.1, from

PdRu to CdRu, the listed systems retain their phase-separating status.

Fortunately, our results are consistent with experimental results: the systems
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we predict to be compound-forming have been discovered experimentally to have
stable phases. Convex hulls, as described above, have been generated for these
systems by AFLOW (see Figs. 3.5 and 3.6). For group-IIIB elements Y and Sc, our
calculations closely reproduce the experimentally determined phase diagrams. On
the basis of our calculations, the only difference is that RuszScs and RusY3 do not
form a stable phase at low temperature. An equi-atomic structure RuX emerges
from experiments for the group-VB elements V, Nb, and Ta. In fact, because our
calculations assume low temperature, they predict phase diagrams more complicated

than those found experimentally and no stable RuX compounds. Thus, we generate

much more information than that through experiments.

Table 3.1: The data obtained from experiments (“Exper.”)
or from HT calculations (“Calc.”) for Ru binary alloys and
formation enthalpies (“AH”). % represents the prototypes in
previous work. x labels the one is newly discovered and
showed in Table 3.2. "N/A” denotes no data. “-” indicates
no compound.

Element Compounds AH
Exper. Calc.(Previous) Calc.(Present) meV /atom

Y RuyY(C14) RuyY(C14) RuyY(C14) -313
RU,QYg (ET3R112) [79]

Rugs Y44 (Rugs Yas) Rugs Yaa(Rugs Yaa) -342
RUY2(016) [21]

Ru2Y5 (Mn5C2) Ru2Y5(Mn5C2) -334

RuYg(DOH) RuY3 (DOH) RuY3 (DOH) -307

Sc RugSc(C14) N/A RuySc(C14) -389

RuSc(B2) RuSc(B2) -540

RU3SC5 (D88) [42]

RuScy(NiTiz) RuScy(C11p) -484[84]

RU4SC11(IT4SC11) Ru4SCH(Il“4SC11) -405
Ru138C57(Rh138C57) [10]

RurScqq(MggqRh7) Ru7Scqq(MggqRh7) -226

Zr RuZr(B2) RuZr(B2) RuZr(B2) -646
RuZry(D1,) [7]

Hf HfRu(B2) N/A HfRu(B2) -819

HfRug(unknown)

Ti RuTi(B2) RuTi(B2) RuTi(B2) -763

RuTi(C49) RuTiz(C49) -532

RuTig (MOgTi* ) RuTi3 (MOgTi* ) -401

Nb NbgRu(PtgTi) -117
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Element Compounds AH
Exper. Calc.(Previous) Calc.(Present) meV /atom
Nb5Ru(Nb5Ru*) Nb5Ru(Nb5Ru*) -172
NbszRu(D03) NbsRu(L6) -222[9]
NbsRus(GasPts) 249
NbRu(unknown)
NbgRU5(Ga3Pt5) -240
NbRuz(C37) [11]
NbRU3 (ng) NbRu3 <D024) [8]
Ta RusTag(unknown) N/A RusTag(GasPts) -332
RuTa(unknown)
RugTa5(Ga3Pt5) -313
RuTag(FCC) -281
RuTas(NbsRu*) -207
A\ N/A RU3V(R63RU*) -145
Ru,V(C37) -192
RuV(B11) 28]
RU3V5(Ga3Pt5) -313
RuV(Cl11,) 321
RU.V3(M03T1*) -296
RuV(D1,) 262
RuVs(NbsRu*) -230
RuVyg (Pthi) -154
Mo o MoRuz(D019) MoRu3(D019) -56
W g N/A RU3W(D019) -65
Cr o N/A -
Tc - RU3TC(D019) Ruch(D()lg) -63
RuTc(B19) RuTc(B19) 73
RuTC3 (D019) RuTC3 (D019) -47
RuTcs(RuTcs) -32
Mn - N/A MDQ4RU5 (R624Ti5) -15
Fe - N/A -
Os - N/A OszRu(D0,) -9
OsRu(B19) -15
OsRus(D0,) 11
OsRugs (Hf5Sc*) -9
Re - N/A ResRu(ResRu*) -53
ReRu(B19) -86
ReRu3(D0;g) -80
Co - N/A -
Ir - N/A IrgRu(PtgTi) -20
Il’gRe(ng) -34
IrRu(B19) -49
IrRuy(C49) -54
IrRus(D0yg) -53
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Element Compounds AH
Exper. Calc.(Previous) Calc.(Present) meV /atom
II‘RU5(Hf5SC* -37
Rh - Rthu(Pthi) -2
RhRu(RhRu*) RhRu(RhRu*) -8
RhRug(RhRu2*) | RhRuz(RhRug*) -6
RhRus(RhRu3) -3
Ni - N/A -
Pt _ PtsRu(FCC) 4]
3 AB3
PtRu(FCCIVY ) | PtRu(CdTi) -33[1]
Pd - - -
Au - - -
Ag - - -
Cu - N/A _
Hg - N/A -
Cd - - -
Zn N/A RuZns(L1y) “150
RuZng(RuZng) RuZng(RuZng) -132

Table 3.2: The newly found prototype which labeled as x in Table 3.1. Structures

are fully relaxed by ab initio calculations.

Formula
Lattice
Space Group (opt.)
Pearson symbol
HT lattice
type/variation
Conv. Cell
a,b,c (A)

a, 3,7 (deg)
Wyckoff
positions

AFLOW label

4.323, 2.724, 14.195

Rul 1/2,0,-0.223 (2b)
Ru2 0,0,-0.331 (2a)
Ru3 1/2,0,0.444 (2b)
Rud 0,0 0.332 (2a)
Rub 1/2,0,0.112 (2b)

RhRuj
Orthorhombic
Amm2 No.38

0512

ORCC/ORCC

90, 90, 90
Rh1 0,0,0 (2a)

6414177

Rul 0,0,-0.00140 (
Tel 0.390,0 -0.277
Tc2 -0.335,0,-0.331
Te3 0.055,0,0.388 (2a)
Ted 0.334,0,0.334 (2a)
Teb -0.278,0,0.055 (2a)

RuTecs
Monoclinic
Cm #8 (2)

mS12

MCLC/MCLC1

9.997, 2.752, 6.484

90 75.942 90

~~ N

2a)
2a)

a)

N Y

“12877
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The NbRu system is attractive because of its shape-memory properties [Ghosh
and Olson (2007); Shapiro et al. (2006); Tan et al. (2007); Benarchid et al. (2009);
Mousa et al. (2009)]. This shape-memory alloy has two phases at high temperature.
As temperature increases to 750°, the alloy forms a ”3” phase that could be mono-
clinic or orthorhombic. Heating this alloy to 900° transforms it to an L1, structure,
which is called ”3.” When the temperature exceeds 900°, the alloys transforms into
a B2 structure that is also called the g phase. The interesting part is that one of
these three compounds is found in our low-temperature calculations, but its stability
is the same as found experimentally.

Fig. 3.4 shows that the convex hulls for OsRu, PtRu, and RhRu are lower than
the others. The thermal contribution to free energy may be the principal factor
that restricts the ordering at low temperature. Thus, we can obtain the vibrational
contribution by calculating the phonon spectra. The OsRu energy was estimated by
cluster expansion [Lerch et al. (2009)]. We find that the HT energy calculated is
approximately 7 meV/atom lower than the energy estimated by cluster expansion.
Furthermore, the transition temperature (T¢ ~ 110K) is computed by Monte Carlo
modeling with cluster expansion and the configuration entropy is the only element

in cluster expansion. Thus, the vibrational contribution to energy is relatively small.
3.4 Technetium system

Current research on Tc alloy systems is based on two rationales. First, Tc is the only
radioactive transition metal that forms alloys, and these alloys could be used for long-
term nuclear-waste disposal [S. M. Frank and Marsden (2007)]. To achieve this goal,
the fundamental properties of Tc-based alloys need to be better understood. Tc
deposition on Au and TcZr binary alloys has been design for issue. Second, because
Tc is a period 5 transition metal, investigating its alloy systems will provide a broad
view of general material properties.
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With ab initio calculations, we can predict properties that are difficult to obtain
experimentally. In previous work, to investigate hcp, fce, and bee structures made
from combining 76 elements, we used elastic constants and a zero-temperature equa-
tion [Shang et al. (2010)]. In addition, the stabilities of some complicated structures
in the system were also calculated [Sluiter (2006)]. These results confirm that the
ground state of Tc is an hcp structure. The hardness of Tc-based compounds has
been investigated several times, in which analyses of Tc-based compounds led to the
discovery of the superhardness of tungsten-related structures [Wang (2008, 2007);
Wang et al. (2008)].

In addition to Ru systems, we also use the HT framework AFLOW to investigate
Tc binary alloy systems. The results of AFLOW can be used to establish convex hulls
for stability analysis. Our current research covers all Tc-transition-metal binary alloy
systems and uses the generalized-gradient approximation and PAW pseudopotentials
[Blochl (1994)]. The free energies are calculated assuming zero temperature and
pressure. In addition, spin polarization is included without lattice vibrations. The
calculation structures are fully relaxed for lattice volume, lattice vectors, and atomic
coordinates. The convergence tolerance is set to be 1 meV /atom, which is sufficient
for crystal structure relaxation.

In this investigation, we calculated the possible crystal structures [Villars et al.
(2004)] for every binary system. Up to 230 extra prototypes from the AFLOW pro-
totype database [Curtarolo et al. (2012a)] are shown in [Levy et al. (2010b)]. From
[Curtarolo et al. (2005)], we conclude that the probability of replicating experimen-
tally determined stable structures is 96.7%. The theoretical calculations confirm the
stable structures in not only compound-forming systems but also in noncompound-
forming systems. Our calculations predict that the 9 of 14 noncompound-forming
systems based on experiments [Villars et al. (2004)] have stable phases at zero tem-

perature (see Fig. 3.7). In addition, we predicted extra stable compounds in four
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compound-forming systems [Curtarolo et al. (2005)]: RhTc, RuTc, PtTc, and PdTec.
The difference between the recent work and previous work reveals that our dataset
has increased rapidly and that numerous uncovered compounds have been explored,
including TcosTis and TcoyZrs. We also discovered stable phases in a compound

reported to be a disordered a phase.

Table 3.3: The data obtained from experiments (“Exper.”)
or from HT calculations (“Calc.”) for Tc binary alloys and
formation enthalpies (“AH”). % represents the prototypes in
previous work. x labels the one is newly discovered and
showed in Table 3.4. "N/A” denotes no data. “-” indicates
no compound.

Element Compounds AH
Exper. Calc.(Previous) Calc.(Present)  meV/atom

Y TcoY(C14) TcaY(C14) TcaY(C14) -176

TCYg(DOll) TCYg(DOH) -86

SC N/A SC3TC(D011) -182

ScaTec(Cl1y) -208

ScTco(C14) ScTco(C14) -304

SCo,lTCO,g(X) SC5TC24 (R624Ti5) -189

Zr TCO.ggzl"o,H(X) TcoyZrs <R624Ti5> -186

TcoZr(C14) TcoZr(C14) TcoZr(C14) -314

TcZr(unknown) TcZr(B2) TcZr(B2) -356

TcZry(C49) TcZry(C49) -271

TcZry(D1,,) TcZry(D1,) -186

Hf N/A Hf3Tc(MosTi*) -269

HfyTc(C49) -357

HfTc(B2) HfTc(B2) -482

HfTCQ (C 14) HfTCQ(Cl4) -362

Hf()_lTC().g(X) Hf5TCQ4(Reg4Ti5) -232

Ti TCO.QTiO'l (X) TC24Ti5 (R624Ti5) -190

TcoTi(C11y) [18]

TC5T13(G33P135) -416

TcTi(B2) TcTi(B2) TcTi(B2) -492

TcTiy(C49) TcTiy(C49) -376

TCTig (MOng*) TCTi3 (MOng*) -298

Nb NbsTc(HfPd5*) -144

NbgTC(MOgTi*) NbgTC(MOgTi*) -213

NbQTC(Cllb) NbQTC(Cl 11,) -279

NbTc(B2) NbTc(B2) -365

Nbo.15Tco.85(x) [19]

Ta N/A TapTe(C11y) -388
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Element Compounds AH
Exper. Calc.(Previous) Calc.(Present)  meV/atom
TaTc(B2) TaTc(B2) -501
Tag.15Tco.s5(x) [36]
V TcV(B2) N/A TcV(B2) =377
TCVQ(C11b> -340
TCV3 (MOgTi*) -266
TcV4(Dly,) 218
Mo M01.5T02_4(A15) N/A -
Mog.3Tco.7(0)
A% TCO.7W0_3(U) N/A -
Cr CI‘O.25TCO,75 (O’) N/A -
Re - N/A RGTC3(D011) -5
Mn Mn0,4Tco,6(a) N/A MHQTC(014) -94
Fe FeTc(B2) N/A [158]
FeOATCO,G(O') FeTC2(016) -4
Os - N/A OSgTC(DOlg) -71
OsTc(B19) -83
OsTc3(D019) -57
Ru - RugTC(DOlg) RU3TC(D019) -63
RuTc(B19) RuTc(B19) -73
RuTc;», (Dolg) RuT(33 (Dolg) -47
RuTecs(RuTc;) -32
Co - N/A CoTc¢(B19) -46
COTCg (D019) -53
Ir - N/A IrgTc(PtgTi) -89
IraTe(IrgTce*) -224
IrTc(B19) -287
Il"TCg (D019) =217
Rh - RhyTc(ZrSis) RhyTe(IraTch) -157
RhTc(B19) RhTc(B19) -175
RhTe3(D01g) RhTe3(D01g) -158
Ni - N/A NiyTe(D1,) -30
NiTc3(D01g) -106
Pt - Pty Te(FCCEN) | PtsToBCC)) 158
PtoTc(CuZrs) -184
PtTC3 (D019) PtTCg (D019) -267
Pd - PdTc(RhRu*) -63
PdTc3(D049) PdTc3(D049) -73
Au - - -
Ag - - -
Cu - - -
Hg - - -
Cd - - -
Zn N/A TeaZn(FCCH) 42
2 AB?2




Element Compounds AH
Exper. Calc.(Previous) Calc.(Present)  meV/atom
TCZDg(ng) -62
TcZny(CuPty) TcZn7(CuPtr) -55
TcZni5(unknown)

The results of the calculation are shown in Table 3.3. The first column presents
the 28 metals that form alloy systems with Ru, ordered by Mendeleev numbers [Pet-
tifor (1986)]. The following three columns contain the data that determine whether
the system can form stable compounds given experimental data, current HT calcu-

lations, and previous HT calcualtions [Curtarolo et al. (2005)].

Table 3.4: The newly found prototype which labeled as x in Table 3.1. Structures
are fully relaxed by ab initio calculations.

Formula IryTe RuTcy
Lattice Orthorhombic Monoclinic
Space Group (opt.) Cmcem No.63 Cm No.8 (2)
Pearson symbol 0512 mS12
HT lattice
type/variation ORCC/ORCC MCLC/MCLC1
Conv. Cell
a,b,c (A) 2.751,14.374,4.381 9.997, 2.752, 6.484
a, 3,7 (deg) 90, 90, 90 90 75.942 90
Wyckoff Ir1 0,0.998,1/4 (4c) | Rul 0,0,-0.00140 (2a)
positions Ir2 0,0.668,1/4 (4c) | Tcl 0.390,0 -0.277 (2a)
Tecl 0,0.334,1/4 (4c) | Te2 -0.335,0,-0.331 (2a)
Te3 0.055,0,0.388 (2a)
Tc4 0.334,0,0.334 (2a)
Tc5 -0.278,0,0.055 (2a)
AFLOW label “143” “128”7

The Mendeleev number is the most efficient single parameter by which whether

alloy systems have stable phases can be predicted [Villars et al. (2001)]. With this
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parameter, we can easily classify the binary systems into several clusters. This
classification provides a predictive insight for binary alloy systems [Pettifor (1986)].
As mentioned above, Tc is a radioactive element, and hence the predictive power is
restricted by the experimental data [Villars et al. (2001)]. From this perspective, ab
initio calculations are important for the design and discovery of Tec-related systems.
In Table 3.3, we provide three clusters for experimental data. From the top to TcV
in the table, all the systems listed could have stable structures, except NbTc, which
is expected to be a disordered x phase. The bottom cluster, from OsTc to the end,
contains the noncompound-forming systems. Similar to Ru, Zn-based alloy systems
also form stable compounds but with a low Medeleev constant. Most systems between
these two clusters are the disordered « phase; ReTc, which is phase separating, and
FeTc, which has a stable structure in order to be a disordered o phase. We consider
the results of our calculations to be distinct from the experimental results. Three
systems, FeTc, MnTc, and ReTc, are predicted to form compounds in the bottom
cluster. From OsTc to PdTc, these eight systems also form ordered phases. Thus,
overall, the table gives eleven systems that form stable compounds. The compounds
XTes (X = Os or Ru ) with prototype D019 appears to have ordered phases. Three
structures in this section, containing IryTc, RhyTc, and RuTcs, are predicted by the
HT methods but have no known Strukturbericht designation or prototypes. These
structures were designed from the superlattice structure in the AFLOW prototype
database [Curtarolo et al. (2005)]. These newly found structures are listed in Table
3.4.

The system NbTc has also been predicted to form compounds. The top cluster
has eight continuous ordered phase systems. At the bottom of Table 3.3, TcZn
remains the only compound-forming system listed. In this binary system, our results
indicate that two unknown compounds are stable: TcyZn and TcZns. Furthermore,

we discover no structure similar to TcZn;5, which was found experimentally.
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FiGURE 3.7: Technetium binary systems in the periodic table: phase separating
(green), high-temperature disordered (red), and miscible (blue).

3.5 Ternary phase diagrams

In the previous chapter, we showed that binary systems utilize 2D convex hulls for
stability study. Currently, we are planning to implement high-dimensional convex
hulls for multicomponent systems. But only 3D and 4D systems are considered for
the visualization problem.

Similar to binary systems, we have to construct a coordinate system which con-
tains component information for each element and the formation energy of each com-
pound. Then the convex hulls in 3D and 4D space will be determined by AFLOW.
With this convex hull, visualization should be considered. Thus we have to project
3D to 2D and 4D to 3D to form a triangle and a tetrahedron respectively. For these
two polyhedrons, each corner represents an element. The lines connecting them and

the space between them will be the unique compounds for the systems.
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We designed algorithm for 3D convex hulls and applied this efficient alogrithm
in confirming the stability of 9 ternary systems, which is an on going study. These
systems include Al-Co-Mn, Al-Fe-Mn, Al-Mn-Ni, Co-Fe-P, Co-Mn-Ga, Co-Mn-Ge,
Co-Mn-P, Fe-Ga-Mn, and Fe-Ge-Mn. In figures 3.8 - 3.12 are projection of 3D
convex hulls for 5 selected systems. In these pictures, black “4” represents the
stable compounds inside the phasediagrams; red “x” indicates that structure should
be the closest compound to surface of convex hull. Under each compound name,
if it is a stable compound, there is an “Er”, which is the formation enthalpy of
that compound, if not, there is an extra parameter labeled “Dis” which reveals the
distance from that compound to surface of convex hull a measure of the “instability”

of that compound.

FIGURE 3.8: Ternary convex hull projection of Al-Fe-Mn systems.
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FIGURE 3.9: Ternary convex hull projection of Al-Mn-Ni systems.

3.6  Conclusions

In summary, computational investigation of material phase diagrams is an efficient
method for discovering new materials. Studying the energies of newly designed struc-
tures at low temperature is a good method to check stability, which is an important
material property. For Ru systems, the binary alloys from our study are distinct
from experimental results and from other previous work because of the large dataset
that we have exploited. We discovered stable phases in two disordered a systems
and in seven noncompound-forming systems, which are recorded as experimental
data. Furthermore, we considered not only the thermodynamic equilibrium at zero
temperature but also the vibrational and configurational contributions, which may
weaken the stability of predicted structures. Because Tc is radioactive, the experi-

mental data are incomplete for this element, but Tc-related compounds can still be
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FiGURE 3.10: Ternary convex hull projection of Co-Ge-Mn systems.

investigated by our method. These computational results could be a guide for future

material design and discovery.
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F1GURE 3.11: Ternary convex hull projection of Fe-Ga-Mn systems.
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