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We report a comprehensive study of the binary systems of the platinum-group metals with the transition
metals, using high-throughput first-principles calculations. These computations predict stability of new
compounds in 28 binary systems where no compounds have been reported in the literature experimentally
and a few dozen of as-yet unreported compounds in additional systems. Our calculations also identify
stable structures at compound compositions that have been previously reported without detailed structural
data and indicate that some experimentally reported compounds may actually be unstable at low
temperatures. With these results, we construct enhanced structure maps for the binary alloys of
platinum-group metals. These maps are much more complete, systematic, and predictive than those

based on empirical results alone.
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I. INTRODUCTION

The platinum-group metals (PGMs)—osmium, iridium,
ruthenium, rhodium, platinum, and palladium—are im-
mensely important in numerous technologies, but the
experimental and computational data on their binary alloys
still contain many gaps. Interest in PGMs is driven by their
essential role in a wide variety of industrial applications,
which is at odds with their high cost. The primary applica-
tion of PGMs is in catalysis, where they are core ingredients
in the chemical, petroleum, and automotive industries. They
also extensively appear as alloying components in aeronau-
tics and electronics applications. The use of platinum alloys
in the jewelry industry also accounts for a sizable fraction of
its worldwide consumption, about 30% over the last decade
[1]. The importance and high cost of PGMs motivate nu-
merous efforts directed at more effective usage or at the
development of less-expensive alloy substitutes. Despite
these efforts, there are still sizable gaps in the knowledge
of the basic properties of PGMs and their alloys; many of
the possible alloy compositions have not yet been studied,
and there is a considerable difficulty in the application of
thermodynamic experiments because they often require
high temperatures or pressures and very long equilibration
processes.

The possibility of predicting the existence of ordered
structures in alloy systems from their starting components
is a major challenge of current materials research.
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Empirical methods use experimental data to construct
structure maps and make predictions based on clustering
of simple physical parameters. Their usefulness depends
on the availability of reliable data over the entire parameter
space of components and stoichiometries. Advances in
first-principles methods for the calculation of materials
properties open the possibility to complement the experi-
mental data by computational results. Indeed, many recent
studies present such calculations of PGM alloy structures
[2-25]. However, most of these studies consider a limited
number of structures, at just a few stoichiometries of a
single binary system or a few systems [3—17]. Some cluster
expansion studies of specific binary systems include a
larger set of structures, but limited to a single lattice type
(usually fcc) [18-23]. Realizing the potential of first-
principles calculations to complement the lacking, or
only partial, empirical data requires high-throughput com-
putational screening of large sets of materials, with struc-
tures spanning all lattice types and including, in addition, a
considerable number of off-lattice structures [2,26-28].
Such large-scale screenings can be used to construct low-
temperature binary phase diagrams. They provide insight
into trends in alloy properties and indicate the possible
existence of hitherto unobserved compounds [27]. A few
previous studies implemented this approach to binary sys-
tems of specific metals—hafnium, rhenium, rhodium,
ruthenium, and technetium [24,25,29-31].

The capability to identify new phases is key to tuning the
catalytic properties of PGM alloys and their utilization in
new applications, or as reduced-cost or higher-activity
substitutes in current applications. Even predicted phases
that are difficult to access kinetically in the bulk may be
exhibited in nanophase alloys [32] and could be used to
increase the efficiency or the lifetimes of PGM catalysts.
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Given the potential payoff of uncovering such phases, we
have undertaken a thorough examination of PGM binary
phases with the transition metals, using the first-principles
high-throughput (HT) framework AFLOW [33,34]. We
find new potentially stable PGM phases in many binary
systems, and comparing experimental data with our pre-
dictions, we construct enhanced Pettifor-type maps that
demonstrate new ordering trends and compound-forming
possibilities in these alloys.

II. METHODS

Computations of the low-temperature stability of the
PGM-transition metal systems were carried out using the
HT framework AFLOW [33,34]. For each of the 153 binary
systems studied, we calculated the energies of more than
250 structures, including all the crystal structures reported
for the system in the phase-diagram literature [35,36] and
additional structures from the AFLOWLIB database of
prototypes and hypothetical hcp-, bce-, and fcc-derivative
superstructures [33]. A complete list of structures examined
for each binary system can be found on the online repository
[34,37] and in the supplemental material (see Ref. [38]).
The low-temperature phase diagram of a system is con-
structed as the minimum formation enthalpy convex hull
from these candidate structures, identifying the ordering
trends in each alloy system and indicating the possible
existence of previously unknown compounds. It should be
noted that there is no guarantee that the true ground states of
a system will be found among the common experimentally
observed structures or among small-unit-cell derivative
structures. However, even if it is impossible to rule out the
existence of additional unexpected ground states, this pro-
tocol (searching many enumerated derivative structures
[39] and exhaustively exploring experimentally reported
ones) is expected to give a reasonable balance between
high-throughput speed and scientific accuracy to determine
miscibility (or lack thereof) in these alloys. In Ref. [2],
it was shown that the probability of reproducing the
correct ground state, if well defined and not ambiguous, is
n¢ ~ 96.7% [“reliability of the method,” Eq. (3)].

The calculations of the structure energies were
performed with the VASP software [40] with projector-
augmented-wave pseudopotentials [41] and the exchange-
correlation functionals parametrized by Perdew, Burke,
and Ernzerhof for the generalized gradient approximation
[42]. The energies were calculated at zero temperature
and pressure, with spin polarization and without zero-
point motion or lattice vibrations. All crystal structures
were fully relaxed (cell volume and shape and the basis
atom coordinates inside the cell). Numerical convergence
to about 1 meV/atom was ensured by a high-energy cut-
off (30% higher than the maximum cutoff of both poten-
tials) and a 6000- k-point, or higher, Monkhorst-Pack
mesh [43].

The presented work comprises 39 266 calculations, per-
formed by using 1.82 X 10% CPU hours on 2013 Intel Xeon
ES cores at 2.2 GHz. The calculations were carried out by
extending the preexisting AFLOWLIB structure database
[34] with additional calculations characterizing PGM
alloys. Detailed information about all the examined
structures can be found on the online repository [34,37],
including input/output files, calculation parameters, ge-
ometry of the structures, energies, and formation energies.
In addition, the reader can prepare phase diagrams (as
in Figs. 5-19) linked to the appropriate structure URL
locations. The Supplemental Material contains the whole
set of geometrical and relaxed structures with ab initio total
energies and formation enthalpies (see Ref. [38]).

The analysis of formation enthalpy is, by itself, insuffi-
cient to compare alloy stability at different concentrations
and their resilience toward high-temperature disorder. The
formation enthalpy, AH(A,B,_,)=H(A.B,_,)—xH(A)—
(1—x)H(B), represents the ordering strength of a mixture
A, B;_, against decomposition into its pure constituents at
the appropriate proportion xA and (1 — x)B (AH is negative
for compound-forming systems). However, it does not con-
tain information about its resilience against disorder, which
is captured by the entropy of the system. To quantify this
resilience we define the entropic temperature

{ AH(Ax,-Bl—x,-)

Ty = max kglx;log(x;) + (1 — x;)log(1 — xi)]}’ .

1

where i counts all the stable compounds identified in the AB
binary system by the ab initio calculations, and the sign is
chosen so that a positive temperature is needed for compet-
ing against compound stability. This definition assumes
an ideal scenario [28], where the entropy is S[{x;}] =
—kg> ;x;log(x;). This first approximation should be con-
sidered as indicative of a trend (see Fig. 1 of Ref. [28] and
Fig. 1), which might be modified somewhat by a system-
specific thorough analysis of the disorder. 7, is a
concentration-maximized formation enthalpy weighted by
the inverse of its entropic contribution. It represents the
deviation of a system convex hull from the purely entropic
free-energy hull, —TS(x), and hence the ability of its or-
dered phases to resist the deterioration into a temperature-
driven, entropically promoted, disordered binary mixture.

III. HIGH-THROUGHPUT RESULTS

We examine the 153 binary systems containing a PGM
and a transition metal, including the PGM-PGM pairs (see
Fig. 1). An exhaustive comparison of experimental and
computational ground states is given in Tables I, II, III,
IV, V, and VI. Convex hulls for systems that exhibit
compounds are shown in the Appendix (Figs. 5-19).
These results uncover 28 alloy systems reported as non-
compound forming in the experimental literature but pre-
dicted computationally to have low-temperature stable
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FIG. 1. Top panel: Compound-forming vs non-compound-forming systems as determined by experiment and computation. Circles
indicate agreement between experiment and computation—green for compound-forming systems, gray for non-compound-forming
systems. Yellow circles indicate systems reported in experiment to have disordered phases, for which low-energy compounds were
found in this work. Ru-Cr is the only system (yellow square) experimentally reported to include a disordered phase where no low-
temperature stable compounds were found. Red squares mark systems for which low-temperature compounds are found in
computation but no compounds are reported in experiment. Bottom panel: T for the binary systems in this work. Colors: From

red to blue indicates the lowest to highest 7.

compounds. Dozens of new compounds are also predicted
in systems known to be compound forming.

The top panel of Fig. 1 gives a broad overview of the
comparison of experiment and computation. Green circles
(dark gray) indicate systems where experiment and com-
putation agree that the system is compound forming. Light
gray circles indicate agreement that the system is not
compound forming. The elements along the axes of this
diagram are listed according to their Pettifor y parameter
[44,45], leading, as expected, to compound-forming and
non-compound-forming systems separating rather cleanly
into different broad regions of the diagram. Most of the
compound-forming systems congregate in a large cluster
on the left half of the diagram and in a second smaller
cluster at the lower right corner.

The systems for which computation predicts compounds
but experiment does not report any are marked by red
squares. As is clear in the top panel of Fig. 1, these systems,
which harbor potential new phases, occur near the bound-
ary between the compound-forming and non-compound-
forming regions of the diagram. They also fill in several
isolated spots where experiment reports no compounds in
the compound-forming region (e.g., Pd-W and Ag-Pd), and
they bridge the gap between the large cluster of compound-
forming systems, on the left side of the panel, and the small

island of such systems at its center. The computations also
predict ordered structures in most systems reported only
with disordered phases (yellow circles in top panel of
Fig. 1). Two disordered phases, o and y, turn up in the
experimental literature on PGM alloys. In the HT search,
we included all ordered realizations of these phases (the
prototypes Al;;Mg,;; and Re,,Tis are ordered versions of
the y phase, and the o phase has 32 ordered realizations,
denoted by oyxxxx, where X = A, B). In most of these
systems, we find one of these corresponding ordered struc-
tures to be stable. The only exception is the Cr-Ru system,
where the lowest-lying ordered phase is found just
4 meV/atom above the elements’ tieline (yellow square
in Fig. 1). These results thus identify the low-temperature
ordered compounds that underlie the reported disordered
phases. The calculated compound-forming regions are
considerably more extensive than reported by the available
experimental data, identifying potential new systems for
materials engineering.

The bottom panel of Fig. 1 ranks systems by their
estimated entropic temperature 7. Essentially, the (top
panel) map, incorporating the computational data, corre-
sponds to what would be observed at low temperatures,
assuming thermodynamic equilibrium, whereas a map
with only experimental data reports systems as compound
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TABLE I. Compounds observed in experiments or predicted TABLE 1.  (Continued)
by ab initio calculations in Osmium binary alloys (structure
prototype in parentheses; multiple entries denote different re- Compounds
ported strugtures in thf‘:‘ exg?rlments or degenerate structures in Experiments [35,36] Calculations AH meV/at.
the calculations). The *“- - -” denotes no compounds. The super-
script ‘%’ denotes unobserved prototypes found in calculations MoOs;(D0;) —52
[2,13,25,27,29,31]. AH are the formation enthalpies from the
present study. The energy difference between reported and W Os3 W(D0o) =36
calculated structures or between the reported structure (unstable Os03Wo7(0)
in the calculation) and a two-phase tieline is indicated as (-). Cr Cr;0s(A15) (18)
Compounds CrOs3(D0;) -22
CrOss(Hf5Sc*) -19
Experiments [35,36] Calculations AH meV/at.
Tc OssTc(Hf sSc*) —49
Y Os,Y(C14) 0s,Y(C14) —304 Os3Tc(DO0yg) =71
OsY3(DO0yy) OsY;(DO0y;) —239 OsTc(B19) —83
Sc 0s,S¢(C14) 0s,5¢(C14) ~390 OsTe3(D0y) -7
OsScz(fccg)gé]) —400 Re Os;Re(DO0y) =78
0s,Sc;; (I, Sey ) 0s,Scy;(Ir,Scyp) —-372 OsRe(B19) -89
OS7SC44 (Mg44Rh7) OS7SC44(Mg44Rh7) —-197 OSReZ (Sszr*) —68
* _
Zr 0s,Z1(C14) 0s,Zr(C14) —388 OsRe; (Re;Ru”) 26
OsZr(B2) OsZr(B2) —524 Mn MnOs(B19) —42
Os4Zry;(Ir4Scy;) OsyZr;, (Ir,Scy) -29 MnOs;(D0,9) —36
0517Zr54(Hf54OSl7) <8> Fe
OsZr,(D1 —220
+(DL) Os Reference
Hf Hf540s;;(Hf5,Os 20
5;‘“ (‘)7((N,5T“_ )‘7) 244; Ru Os;Ru(DO,,) -9
iTi
I;fcj B2y HfOs(B2 OsRu(B19) b
s(B2) s(B2) —709 OsRu;(DO0,,) —11
HfOs,(C14) (66) OsRus (Hf5Sc*) -9
Ti OsTi(B2) OsTi(B2) —714 Co
OsTi,(C49) —515 .
OsTi;(Mo;Ti*) —403 Ir IrgOs(PtgTi) -8
IrOss (Hf5Sc*) =7
Nb Nb;Os(HfPd?) —200 N
Nb;Os(A15) Nb;Os(A15) —275 Rh OsRh(RhRu*) 8
Nby,60s0.4(0) NbyOs10(Tsaa84) —274 Ni
Nby40s0,6(x) Nb;,0s,;(Al;;Mg;7) —247 Pt
NbOs;(D0,4) -115 o
Ta Os, Ta(Ga,Hf) —205 A
u
Osq.5Tags(x) Os|,Ta 7 (Al;;Mg,7) —313
Osg.3Tag7(0) Os19Taz (0 apaB) —335 Ag
OsTas(A15) —330 Cu
\% OS3V(RC3RU*) —150 Hg
OS3V5(G3.3Pt5) —350 cd
OsV,(Cl11,) —354
OsV;(A15) OsV;(DO03) -361(21) Zn
OsV5(MosTi*) —253
Mo Mo;0s(A15) (29)
Moy 650s0.35(0)
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TABLE II. Compounds in Ruthenium binary alloys. The term TABLE 1. (Continued)
(unkn.) denotes an unknown structure. All other symbols are as
in Table L. Compounds
Compounds Experiments [35,36] Calculations AH meV/at.
Experiments [35,36] Calculations AH meV/at. Cr Cro7Rug;(0)
Tc Ru;Tc(DO,g) —63
Y Ru, Y(C14 Ru, Y(C14 -313 3 19
U Y(C14) u,Y(C14) RuTc(B19) ~73
RU2Y3 (Er3Ru2) <79> RUTC3 (DO]Q) —47
RuysYys(RupsYas)  RugsYys(RupsYyy) —342 RuTcs(RuTes*) =32
RU2Y5 (CzMns) Ru2Y5 (CzMns) _334
R Re;Ru(Re;Ru* —
RuY;(DO;,) RuY;(DO;,) ~307 € esRu(Re;Ru®) >3
ReRu(B19) —86
Sc Ru,Sc(C14) Ru,Sc(C14) —389 ReRu;(D0,) —80
RuSc(B2) RuSc(B2) —540 M M Rus(Res, Tis) 18
RusScs(D8) (42) 1 Moa BUsARC2 s
RuSCZ(NiTiz) RUSC2 (Cl 11’)) _484<84> Fe
RU4SCI 1 (II‘4SC1 1) RU4SCI 1 (IT4SC1 1) —405 Os OS3RU(DOu) -9
Ru,3Scs7(Rhy3Scs7) (10) OsRu(B19) —15
Ru;Scyy(MgyRhy)  Ru;Scyy(MgyyRhy) —226 OsRu;(D0,) —11
Zr RuZr(B2) RuZr(B2) —644 OsRus(Hf5Sc*) —9
Hf HfRu(B2) HfRu(B2) —819 Ru Reference
HfRu, (unkn.) Co
Ti RuTi(B2) RuTi(B2) —763 Ir IrgRu(Pt Ti) —20
RuTi;(Mo;Ti*) —401 IrRu(B19) —49
Nb NbgRu(PtgTi) —117 IrRu, (Ir, Tc*) —54
NbsRu(NbsRu*) —172 IrRu3(D0y9) —53
Nb;Ru(L6) —-222 IrRus(Hf5Sc*) —37
NbsRu;(GasPts) —249 Rh RhgRu(PtsTi) -2
NbRu (unkn.) RhRu(RhRu*) -8
Nb3RU5 (Ga3Pt5) —240 RhRu2 (RhRuz*) —6
NbRus (L1,) (8) RhRus(RhRu,*) -3
Ta RU5T33 (unkn.) RU5T33(Ga3Pt5) —332 Ni
RuTa (unkn.) i
RuyTas(GaPts) a3 Pt PtRu(CdTi) -33
RuTa; (fecl2M) —281 Pd
RuTas(NbsRu*) —207 Au
\% Ru;V(Re;Ru™) —145 Ag
Ru, V(C37) —-192
RuV(B11) (28) Cu
RU3V5 (Ga3Pt5) —313 Hg
RuV,(C11,) —321 cd
RUV3(MO3Ti*) —296
RuV,(D1,) —262 Zn RuZn;(L1,) —150
RuVs(NbsRu*) -230 RuZng(RuZng) RuZng(RuZng) —132
Mo Moy ¢Rug 4(0) Mo 4Ru (0 44545) —116
W Ruy4Wo6(0) Ru;W(DO,) —65
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TABLE III. Compounds in Iridium binary alloys. The super- TABLE II.  (Continued)
script ““§”’ denotes relaxation of one prototype into another and a
“1” denotes new prototypes described in Table VII. The other Compounds
symbols are as in Table IL. Experiments [35,36] Calculations AH meV/at.
Compounds Mo Ir;Mo(D0,9) Ir;Mo(D0,o) —332
Experiments [35,36] Calculations AH meV/at. Ir,Mo(C37) —337
- Ir'Mo(B19) IrMo(B19) -321
Y Ir; Y (PuNi;) 21) EMoy(ALS) as)
Ir,Y(C15) Ir,Y(C15) —803 3
IrY(B2) IrY(B2) —787 w IrgW (Ptg Ti) —157
Ir, Y5(Rh, Y3) (12) Ir;W(DOyo) Ir;W(DO,o) =350
Iry Y5 (PusRh;) Ir; Y5 (PusRh;) -772 Ir, W(C37) —352
Ir2Y5 (Cle’lS) Ir2Y5 (C2Mn5) - 640 II'W(B 1 9) IrW(B 19) —300
II"Y3(D011) II'Y3(D011) —564 Cr CI'3II’(A15) <48>
Sc Ir;Sc(CuPt,) —352 CrosIrg.s(Mg) Crlr(B19) —239
Ir;Sc(L1,) (7) Crlr,(C37) —233
Ir,Sc(C15) Ir,Sc(C14) —783(35) Crlr3(D0;o) —228
II'SC(Bz) II’SC(BZ) —1032 Tc Irch(Pthi) —89
IrSc, (NiTi,) (26) Ir, Tc(Ir, Tc*) —224
IryScy; (II'4SC] 1) Ir4Scy; (II‘4SC] l) —686 IrTc(B19) —287
Ir;3Scs7 (Rhy3Scs7) 2 I1Tes (DO;) —217
Ir;Sc44(MgyuRh7) Ir;Sc44 (MggyRh7) —369
79C44 (M ZyqKN7 79C44 (M Zyq KN7 Re TrgRe(Pts Ti) —o4
Zr II’3 Zr(le) II‘3 Zr(le) =709 Il‘zRe(II‘ZTC*) —227
Irzzr(CIS) IrZZr(Gasz) —766<87> IrRe(B 19) —274
IrZr(NiTi) IrZr(NiTi) —830 IrRe;(DO0;o) -209
Ir3Zrs5(Ir3Zrs) Ir3Zrs(IryZrs) =732
1tZr,(C16) 1171, (C37) —668(13) ~ Mn Ir;Mn(L1,) —173
IrZr3 (SV3) IrZr3(SV3) —519 IrMn(Llo) IrMH(Blg) _204<58>
— IrMn, (C37) —175
Hf Hf2II‘(NlT12) Hler(C37) - 750(3 l> IrMng (L 1 2) IrMng (L60) —1 56< 1 08>
Hf51r3 (DSS /IrSZr3) Hfs Ir3 (II'S ZI'3) - 8 14< 14> - -
HfTr (unkn.) HfIr(B27) —949 Fe FesIr(L6y) —44
Hﬂr2 (Gasz) —872 Feoélr04(Mg) Felr(NbP) —-57
Hflrs (L1,) Hflry (L1,) —800 Felrs (D0y,) —63
Ti Ir, Ti(CuPt,) ~369 Os Ir5Os(Pts Ti) -8
I, Ti(L1,) I, Ti(L1,) ~716 1rOss (HfsSc™) -7
Ir, Ti(Ga, Hf) ~779 Ru IrgRu(Ptg Ti) -20
IrsTi3 (Ga3Pt5) —809 Ir3Ru(L12) —34
IrTi (unkn.) IrTi(L1,) —847 IrRu(B19) —49
IrTi,(C11,) 712 IrRu, (Ir, Tc*) —54
IrTi;(A15) IrTiz (A15) —566 IrRu;(D0;4) —-53
Nb Ir;Nb(L1,) Ir;Nb(Cos V) —628(9) IrRus (Hf5Sc*) -3
IrNb(L1,/IrTa) IrNb(L1,) —542(2) Co
Iro.37Nbg 63(0) Ir,Nbs (0 4ppas) —484
1rNb; (A15) 11Nb;(A15) —433 Ir Reference —
113 _
Ta IryTa(L1,) Ir;Ta(Cos V) —688(2) Rh IrsRh(fec,; ) 15
Irth(sz Tl) - 20
IrzTa(Gasz) —659 I Rh(f [113] —21
I1Ta(L1o/IrTa) IrTa(L1,) —594(3) Irr oy (‘;fgz% s
Irg 25 Tag 75(0) Ir;0Tay (0 apBaB) —528 Sk
IrTa;(A15) —479 Ni IrNi(NbP) —38
\Y Ir;V(L1,) Ir; V(DO,4) —505(21) Pt
IrV(IrV/L1,) IrV(L1,) —5008 Pd
IrV;(A15) IrV;(A15) —497
IrVg (Pt Ti) —225 Au
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TABLE III. (Continued) TABLE IV. (Continued)
Compounds Compounds
Experiments [35,36] Calculations AH meV/at. Experiments [35,36] Calculations AH meV/at.
Ag Nb NbgRh(Pty Ti) ~131
Cu Nb;Rh(A15) Nb;Rh(A15) —288
Nby7Rhg3(0) NbyRh(0pa484) —342
Hg NbRh(L1,/IrTa) NbRh(L1,) —436(4)
cd NbRh;(L1,/CosV) NbRh;(Co; V) —548(6)
Zn IrZn(IrZn't) —195 Ta Rh;Ta(L1,) Rh;Ta(L1,) —611
IrZn,(C49) —238 Rh,Ta(C37) Rh, Ta(Ga,Hf) —597(13)
IrZn4(NbPd;) —224 RhTa(IrTa) (11)
Ir,Zn, (Ir,Zn, ) Ir,Zn, (Ir,Zny;) —192 Rhy3Tag 7 (o) RhTa;(A15) —333
RhTas(RuTc?) —233
RhTag(PtgTi) —159
TABLE IV. Compounds in Rhodium binary alloys. All sym- v RhsV(H{Pd5) —268
bols are as in Table IIL Rh; V(L1,) Rh3V(DO,o) —393(11)
RhV(IrV/L1,) RhV(L1,) -3718
Compounds RhV;(A15) RhV;(A15) —332
Experiments [35,36] Calculations AH meV/at. RhV;5(RuTcs) —246
: . RhV,(PtsTi) —-170
Y Rh;Y(CeNi;) Rh;Y(CeNij) —569
Rh, Y(C15) Rh,Y(C15) —742 Mo MoRh(B19) MoRh(B19) —196
RhY(B2) RhY(B2) —863 MoRh,(C37) —247
Rh,Y;(Rh,Y3) (8) MoRh;(D0,9) MoRh;3(D0,) —248
Rh;Y5 (unkn.) Rh;Y5(PusRh;) -727 MoRnhg (PtsTi) —116
Rh;Y7(Fe;Thy) Rh;Y7(Fe;Thy) —606 W RhygW,,(Mg) Rhg W (PtgTi) —140
RhY;(DO0y;) RhY;(D0;;) -517 Rh;W(DO0,4) Rh;W(DO0,9) —274
Sc Rh,Sc(CuPty) 348 Rh,W(C37) —264
Rh;Sc(L1,) Rh;Sc(L1,) —620 Cr  Cr3Rh(Al5) (103)
RhSc(B2) RhSc(B2) —1035 CrRh,(C37) — 117
IryScy; (IrySeyy) —582 CrRh;(L1,) CrRh;(L1,) —128
Rh3Scs7(Rhj3Scs;)  Rhy3Scs;(Rhy3Scesy) —424 CrRhy (CuPty) —65
Ir;Scys(MgquRh5) -319 Tc Rh, Tc(Ir, Tc*) —157
Zr  RhyZr(L1,) RhyZr(L1,) —687 RnTe(B19) 175
RhTc;(D0;g) —158
RhsZr;(PdsPus) RhsZr;(PdsPus) —811
Rh,Zr; (unkn.) Rh,Zr;(Pd,Pus) —819 Re Re;Rh(DOo) —163
RhZr(NiTi) RhZr(B33) —790(3) ReRh(B19) —184
RhZr,(NiTi,/C16) RhZry(C11,,) —568(34, 11) ReRh, (Ir, Tc™) —173
RhZr;(DO,) IrZr;(SV3) —4288 Mn  Mn;Rh(L1,) (153)
Hf  Hf,Rh(NiTi,) Hf,Rh(CuZr,) —633(13) MnRh(B2) I\I/}/I“Rh(B 2) —1%
nRh;(L1,) ~-126
HfRh(B2) HfRh(B27) —898(29) MnRh, (CuPt,) 66
Hf;Rh, (unkn.)
Hf;Rhs(GesRhs)  HfsRhs(GesRhs) o8 Fe FeRh(bec ) —49
HfRh;(L1,) HfRh;(L1,) ~762 Fe,Rh(Fe,Rh) =57
FeRh(B2) (1)
Ti Rh; Ti(CuPt;) —330 FeRh, (D0,,) —56
Rh;sTi (unkn.)
Rh;Ti(L1,) Rh;Ti(L1,) —631 Os OsRh(RhRu") -8
RhsTi;(Ge;Rhs) RhsTi;(Ge;Rhs) ~790 Ru RhgRu(PtgTi) -2
RhTi (unkn.) RhTi(L1) —749 RhRu(RhRu*) -8
RhTi,(CuZr,) RhTiy(C11,) —629(1) RhRu,(RhRu,*) —6
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TABLE V. Compounds in Platinum binary alloys. The term
tet-L1, denotes a tetragonal distortion of the L1, structure. All
symbols are as in Table III.

HART et al.
TABLE 1V. (Continued)
Compounds
Experiments [35,36] Calculations AH meV/at.
RhRus(RhRug*) -3
Co
Ir . Ir3Rh(fccE\1£]) —-15
IrRh(fec 3] -21
IrRh, (Pd, Ti) —18
Rh Reference
Ni
Pt cee PtRh(NbP) =25
PtRh;(D0,,) —-18
Pd
Au
Ag
Cu ce Cu,;Rh(CuPt;) —4
Hg “HgsRh” Hg,Rh(Hg,Pt) —40
“Hgy 3RN”
Hg,Rh(Hg,Pt) (28)
Cd “Cd,;Rhs” Cd4Rh(Hg,Pt) —104
(y-brass) Cd,Rh(Hg,Pt) —166
Zn “RhsZn,,” RhZn(B2) —391
(y-brass) Rh3Zn5(GasPts) —395
RhZn,(ZrSi,) —388
RhZn;(D0y;) —-351
Rh,Zn;; (ICSD#107576) —250
RhZn,; (ICSD#107575) —129

forming when reaching thermodynamic equilibrium is
presumably easier. That is not to say, however, that
the predicted phases will necessarily be difficult to
synthesize—some of the systems where the T, value is
small have been experimentally observed to be compound
forming (e.g., Cr-Pd, Au-Pd, Ag-Pt, Hg-Rh, and Co-Pt). T
decreases gradually as we move from the centers of the
compound-forming clusters towards their edges. Most
systems with low T, are adjacent to the remaining non-
compound-forming region. This leads to a qualitative
picture of compound stability against disorder, which is
correlated with the position of a system within the
compound-forming cluster and with larger clusters cen-
tered at systems with more stable structures.

It is instructive to note that many obscure and large unit
cell structures that are reported in the experimental litera-
ture are recovered in the HT search. For example, com-
pounds of prototypes such as Mg,4Rhy, RuysYyy, IryScyy,

Compounds
Experiments [35,36] Calculations AH meV/at.
Y PtsY (unkn.) Pt;Y(D2,) —677
Pt;Y(L1,) Pt;Y(L1,) —983
Pt,Y(C15) Pt, Y(C15) —1095
Pt; Y3 (unkn.) Pt, Y;(Pd,Pus) —1208
PtY(B27) PtY(B33) —1252(54)
Pt,Y5(Ge,Sms) 1
Pt;Y5(MnsSis3) (28)
PtY,(Cl,Pb) PtY,(Cl,Pb) —936
Pt;Y,(Fe;Thy) (19)
PtY;(DOy;) PtY;(DO0;,) —709
Sc PtgSc(PtgTi) —482
Pt3SC(L12) Pt3SC(L12) —1050
Pt,Sc(Ga,Hf) —1143
Pt4SC3 (Pd4PU3) —1197
PtSc(B2) PtSc(B2) —1232
PtSc, (Cl,Pb) PtSc,(Cl,Pb) —982
Pt;3Scs7(Rhy3S¢57) Pt;3Scs7(Rh3S¢57) =571
Zr Pthf(Pthi) PthI'(Pthl) —496
Pt;Zr(D0,, /L1,) Pt3Zr(D0yy) —1031(12)
Pt,Zr(C11,) (62)
Pt} Zrg(Pt;, Zry) (73)
PtZr(TID) PtZr(B33) —-1087(1)
Pt3Zr5 (Dgg) <25>
PtZr,(NiTi,) PtZr,(C16) —759(51)
Hf Hf,Pt(NiTi,) Hf,Pt(NiTi,) —786
HfPt(B2/B33/T1I) HfPt(B33/T1I) —1155(165)
HfPt;(L1,/D0,,) HfPt;(DO0,,) —1100¢3)
HfPtg (Ptg Ti) —528
Ti Pty Ti(PtgTi) Ptg Ti(PtgTi) —433
PtsTi(HfPdZ) —-617
Pt;Ti(D0,4/L1,) Pt; Ti(PuAls) —864(3, 5)
Pt5Tiz(AusGaZn,) PtsTi;(AusGaZn,) —952
PtTi(B19) PtTi(NiTi) —933(5)
PtTi;(A15) PtTiz(A15) —648
Nb Nb;Pt(A15) Nb;Pt(A15) —415
Nby ¢Pto.4(0)
NbPt(B19) NbPt(L1) —660(13)
NbPt,(MoPt,) NbPt,(MoPt,) —721
NbPt;(L6,/NbPt3) NbPt;(NbPt; /D0,) —678(154)
Ta PtgTa(PtgTi) —416
Pt;Ta(DO0,, /L6,/ Pt; Ta(NbPt3) —723(11, 183)
NbPt;)
PtzTﬁ(AUzV) PtzT&(AUzv) =757
PtTa(L1,) —643
Ptg,25Tag 75(a) PtyTay, (0 5ppan) —434
Pty ¢ Taz 74(A15) PtTas(A15) —416
PtTag(PtgTi) —197
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TABLE V. (Continued) TABLE V. (Continued)
Compounds Compounds
Experiments [35,36] Calculations AH meV/at. Experiments [35,36] Calculations AH meV/at.
\Y% Pty V(Pty Ti) -275 NiPt,(CuZr,) -75
Pt;V(DO0,,) Pt;V(DO,) —464(4) NiPt;(D0,3) —61
Pt, V(MoPt,) PtQV(MOPtz) —555 Pt Reference
PtV(B19) PtV(L1,) —563(2)
PV, (A15) PtV,(A15) —436 Pd Pd;Pt(CuPt;) —14
PtV (Pt Ti) ~206 Pd;Pt(CdPty) =25
PdPt(L1,) -36
Mo MosPt(D0y9) (38) PdPt;(L1,) —26
MoPt(B19) MoPt(B19) -321 PdPt; (CuPt;) -15
MoPt,(MoPt,) MoPt,(MoPt,) —366
MoPt; (unkn.) Au
MoPt,(D1,) —265 Ag Ag;Pt(CuPt,) -13
MoPtg (Pt Ti) —180 Ag;Pt(L1,) (34)
W Pty W(PtsTi) —202 Ag:PL(AgsPL) —38
PL,W(DI,) —970 AgPt (unkn.) AgPt(L1,) -39
Pt,W(MoPt,) Pt,W(MoPt,) —343 AgPty (unkn.)
PtW (unkn.) Cu  Cu,Pt(CuPty) Cu,Pt(CuPt;) —87
Cr CoPUAIS/LL,) 70) Cu;Pt(L1,) CusPt(L1,) —143
CrPt(L1,) CrP(B19) —191(31) CuPt(L1,) CuPt(L1) —166
CrPt(L1,) CrPt(L1,) —261 Cu;Pts (unkn.)
CrPty (Pt Ti) ~136 CuPt; (unkn.) CuPt;(CdPt}) —121
CuPt,(CuPt,) CuPt;(CuPt;) =77
Tc Pt_;Tc(bccE?g;]) —158
PtzTc(IrzTc*) —184 Hg  Hg,Pt(Hg,Pt) Hg,Pt(Hg,Pt) —104
P(Tc;(D0,o) —267 Hg,Pt(Hg,Pt) (25)
Re  Pt;Re (unkn.) Pt3Re(bcc£{)g§]) —128 HePt; (unkn.)
PtRe;(D0,) -231 Cd  CdsPt(CdsPt-
Mn  Mn;Pt(Ll,) Mn;Pt(DO, ) —174(144) partial occupancy)
MPH(L 10 (203) Cd,Pt(Hg,Pt) ~228
Mn;Pts(GasPts) 363 Cd,Pt (unkn.) Cd;Pt(DO,,) —260
MnPt, (Ga, Hf) ~365 Cd;Pt; (unkn.)
MnPt3(L12) MnPt3(L12) —363 Cd,Pt (unkn.) CdZPt(HgZPt) —-316
MnPtg (Pt Ti) ~172 CdPt(L1,) CdPt(L1,) —322
*
e FePLL) 39 CdPg(L1,) CdPt; (CdPt) 1790<1 1)
FePt(L1,) FePt(L1,) 044 CdPt; (CuPty) 14
FePt,(Ga,Hf) —220 Zn Pt;Hg(CuPt,) —189
FePt;(L1,)  FePt(tet-Ll,c/a = 0.992)  —203 Pt:Zn(L1,) Pt;Zn(CdPt?) —331(6)
FePts (HfPd}) —162 PtZn(L1,) PtZn(L1,) -570
Os Pt,Zn,,(Pt;Zn,,) Pt;Zn,,(Pt;Zn,,) —489
- PtZn, (unkn.) PtZn,(C49) —463
Ru PtRu(CdTi) —33 PtZn;(D0,,) —397
Co  CosPt(D0;) Co;Pt(D0;o) -97 Pt,Zn;, (Ir,Zn ;) —272
CoPt(L1g) (12) PtZng (unkn.)
CoPt,(CuZr,) —106
CoPty(L1,) (16)
CoPts (HfPdY) -55
Ir and Rh3Scs; from the experimental literature nearly al-
ways turn up as ground states, or very close to the convex
Rh PtRh(NbP), —25 hull, in the HT search as well. This is strong evidence that
l;fg};f(ggéﬂ)) :? ;3 the first-principles HT approach is robust and has the
A necessary accuracy to extend the PGM data where experi-
Ni  NizPt (unkn.) Ni;Pt(D0y;) —76 mental results are sparse or difficult to obtain. Also
NiPt(L1,) NiPt(L1,)) -99

of interest is the appearance of some rare prototypes in
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TABLE VL

Compounds in Palladium binary alloys. The term

tet-fcc denotes a tetragonal distortion of stacked fcc superstruc-
tures. All symbols are as in Table III.

Compounds
Experiments [35,36] Calculations AH meV/at.
Y Pd;Y(CuPt;) Pd;Y(CuPt;) —442
Pd;Y(L1,) Pd;Y(L1,) —863
Pd,Y (unkn.)
Pd;Y, (unkn.)
Pd,Y;(Pd,Pu;) Pd,Y;(Pd,Pu;) —923
PdY (unkn.) PdY(B33) —913
Pd,Y;(Ni,Er3) (8)
PdY,(C37) —622
PdY;(DO0y;) PdY;(D0;,) —475
Sc PdgSc(PtgTi) —411
PdsSc(HfPdz) —595
Pd;Sc(L1,) Pd;Sc(L1,) —855
Pd,Sc (unkn.) Pd,Sc(C37) —898
Pd;Sc5(Pd,Pus) —910
PdSc(B2) PdSc(B2) —906
PdSc,(NiTi,) PdSc,(NiTi,) —660
PdSc, (unkn.)
Zr PdgZr(PtgTi) —424
PdsZr(HfPd?) —591
Pd;Zr(D0,,) Pd;Zr(D0,,) —816
Pd,Zr(C11,) (1)
Pd,Zr;(Pd,Pus) 2)
PdZr (unkn.) PdZr(B33) —645
Pd;Zr5(D8g) (90)
PdZr,(NiTi,/CuZr,) PdZr,(C11,/CuZr,) —487(83)
Hf Hf,Pd(C11,/ Hf,Pd(C11,/CuZr,) —527
CuZr,)
HfPd (unkn.) HfPd(B33) —685
Hf,Pd;(Pd;Ti,) —778
Hf;Pd, (unkn.)
Hf;Pds(Pd;Tis) —800
HfPd,(C11,) 9
HfPd;(D0,,/L1,) HfPd;(D0,,) —879(11)
HfPds(HfPdY) —635
HfPdg(PtgTi) —430
Ti PdsTi(HfPdZ) —481
Pd; ; Tigg(L15) (7
Pd;Ti(DO0,,) Pd; Ti(DO0,,) —646
Pd, Ti(Pd, Ti) Pd, Ti(Pd, Ti) —632
Pd;Ti;(Pd5Tiz) Pd;Ti;(Pd5Tiz) —615
Pd;Ti, (Pd;Ti,) Pd;Ti, (Pd;Ti,) —602
PATi(B19) )
PdTi,(CuZr,) PdTi,(C11,/CuZr,) —451
Pdy g Tiz»(A15) PdTiz(A15) —342
Nb Nb;Pd(Nb;Pd") —167
Nb,Pd(CuZr,) —220
Nby sPdg.4(0)

TABLE VI. (Continued)
Compounds
Experiments [35,36] Calculations AH meV/at.
NbPd,(MoPt,) NbPd,(MoPt,) —432
NbPd;(NbPd;/DO0,,) NbPd;(NbPd5) —435(2)
NbPds(HfPd) —356
NbPdg(Ptg Ti) —-279
Ta PdgTa(Pthl) _325
Pd;Ta(HfPd?) —401
Pd;Ta(DO0,,) Pd;Ta(DO0,,) —480
szTa(MOPtz) szTa(MOPtz) —458
PdTa(B11) PdTa(B11) —362
Pdy,»5Tag 75(0)
v PdgV(PtgTi) —-177
Pd;V(DO,,) Pd;V(NbPd,) —253(6)
Pd, V(MoPt,) Pd, V(MoPt,) —274
PdV (unkn.)
PdV;(A15) 9)
PdsV(MosTi*) —115
Mo MoPd,(MoPt,) MoPd,(MoPt,) -99
MoPd,(D1,) -92
w PdgW(PtgTi) —-122
Cr Cro.49Pdg s, (In)
Cry.33Pd; 67(L15) CrPd;(L1,) —8l1
CrPds(HfPd?) -76
Tc PdTc(RhRu*) —63
PdTc;(DO0;o) -73
Re PdRe;(D0;g) —-56
Mn MnPd(L1,) (5)
Mn3 Pd5 (Ga'; Pts) Ml’l:; Pd5 (Ga3 Pts) —250
MnPd, (C37) —252
MnPd;(D0,3) MnPd;(L1,) —234(10)
MnPds (HfPd?) —175
MnPdg(Ptg Ti) —125
Fe  FegosPd; o4(L1) (22)
FePd,(CuZr,) —116
FePd;(L1,) FePd;(D0,3) —112(2)
FePds(HfPdY) —100
Os
Ru
Co CoPds(tet-feclX!) -10
c/a=2.38)
Ir
Rh
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TABLE VI. (Continued) TABLE VI. (Continued)
Compounds Compounds
Experiments [35,36] Calculations AH meV/at. Experiments [35,36] Calculations AH meV/at.
Ni NiPd; (tet-fecl0!! -6 PdZn(CuTi) PdZn(L1,) —570(187)
c/a=27) Pd;Zn;s (unkn.)
PdZn;(D0,y,) —359
Pt Pd,Pt(CuPt;) —14 3
Pd3Pt(CdPt§) —25 szZl’l“ (IrZZnu) PdZZn“(IrZZn“) —243
PdPt(L1,) -36
PdP;(L1,) —26 . . . . .
PdPt, (CuPt,) —15 systems similar to those in which they were identified
experimentally. For example, the prototype Pd;Ti,, re-
Pd Reference ported only in the Pd-Ti system [36], also emerges as a
Au AusPd(HfPdZ) =55 calculated ground state in the closely related system Hf-Pd.
Au;Pd (unkn.) Au;zPd(DO0,3) —82 In Hf-Pt, it appears as marginally stable, at 3 meV/atom
Au,Pd(C49) —88 above the convex hull, in agreement with a very recent
AuPd (unkn.) AuPd(NbP) —94 experimental study that identified the previously incor-
AuPd; (unkn.) AuPd;(L1,) —56 rectly characterized structure of a Hf,Pt; phase [46].
Ag Ag;Pd(CuPt,) —33 In the systems we examined, there are nearly 50
AgsPd(HfPd?) —41 phases reported in the experimental phase diagrams for
: _ which the crystal structure of the phase is not known. In
Ag;Pd(D0,3) 58 . o
_ half of these cases, the HT calculations identify stable
Ag,Pd(C37) 63
1 _ structures for these unknown phases. For the other half
Ag,Pd;(Ag,Pd}) 63 ;
AgPd(L1,) _59 of these unknown structures, our calculations find no
A l* stable compounds at the reported concentration, but find
gPd;(CdPt) -31 .
- stable compounds at other concentrations. The reported
Cu Cu;Pd(CuPty) (18) phases (sans structural information) may, therefore, be
CusPd(HfPd3) =72 due to phases that decompose at low temperatures or may
Cu3Pd(L1,/SrPbs) Cu3Pd(D0y3) —107(2, 5) merely represent samples that were kinetically inhibited
Cu,Pd(Ga,Hf) —-117 and unable to settle into their stable phases during the
CuPd (unkn.) CuPd(B2) —125 time frame of the experiments.
CuPd;(L1,) =71 The prototype database included in this study com-
CuPd,(CuPty) CuPd;(CuPt;) -37 prises both experimentally reported structures and hypo-
He He,Pd (unkn.) He,Pd(Hg,Pt) 101 thet_lcal. structures constructed comblnato_rlally from
He<Pd,(HgsMn,) (65) derivative supercells of fcc, bee, and hcep lattices [39,47].
> > He,Pd(Hg,Pt) 150 Occasionally, these derivative superstructures are predicted
> : to be ground states by the first-principles calculations. In
HgPd(L1,) HgPd(L1,) ~174 . ;
He,Pds(GasPts) 166 this work, we find compounds with five of these new
3OS S structures, for which no prototype is known and no
HgPd, (C37) ~160 . S .
HePd, (unkn.) HePd,(D0,,) 139 Strukturbericht designation has been given. These new
grds ‘ SN prototypes are marked by a t in Tables IIIL, IV, V, and VI,
HgPd,(D1,) —112 ; . . .
and their crystallographic parameters are given in
Cd  CdyPdy(Ir,Zn,;) Cd;Pd,(Ir,Zn,;) —171 Table VII. We also find a few other compounds with
Cd4Pd (unkn.) unobserved prototypes (marked by a * in Tables I, 11, III,
Cd;Pd (unkn.) IV, V, and VI) previously uncovered in related HT studies
Cd,Pd(Hg,Pt) —-307 [2,13,25,27,29,31].
CdPd(CuTi) CdPd(L1,) —418(164)
CdPd,(C37) —334 IV. STRUCTURE MAPS
CdPds(DO,) —272 Empirical structure maps present available experimen-
CdPd ,(D1,) —225 ) oS | LT .
N tal data in ways that highlight similarities in materials
CdPd;(HfPd3) —188 behavior in alloy systems. Their arrangement principles
CdPd, (CuPty) —142 usually depend on simple parameters, e.g., atomic num-
7n PdgZn(PtgTi) —165 ber, atomic radius, electronegativity, ionization energy,
Pd,Zn(C37) Pd,Zn(C37) —462 melting temperature, or enthalpy. Several well-known

classification methods include Hume-Rothery rules
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TABLE VII. Geometry of new prototypes marked by 1 in Tables III, IV, V, and VL.
Formula [tZn Nb;Pd Fe,Rh Ag; Pty Ag,Pd;
Lattice Monoclinic Orthorhombic Orthorhombic Rhombohedral Monoclinic
Space Group C2/m No. 12 Cmmm No. 65 Cmmm No. 65 R3m No. 166 C2/m No. 12
Pearson symbol mS8 0S8 oS12 hR5 mS10
Bravais lattice type MCLC ORCC ORCC RHL MCLC
Lattice variation [48] MCLC, ORCC ORCC RHL, MCLC;
Conv. Cell: a, b, ¢ (A) 1.94, 3.83, 1.12 1.26, 1.78, 3.56 1.78, 5.35, 1.26 1.12, 1.12, 13.75 3.55, 1.59, 1.94
a, B, v (deg) 72.98, 90, 90 90, 90, 90 90, 90, 90 90, 90, 120 65.9, 90, 90
Wyckoff Iri, 1, —0.292 (4i) Nbl1 0, 0,1 (4k)  Fel {,0,0 (4g) Agl 0,0, 1 (20) Ag 3,1 4 (4D)
Positions [49] Zn %, %, —0.208 (4i) Nb2 % 0, % (2¢) Fe2 0, 0, % (2d) Ag2 0,0, 0 (la) Pd1 0, 0, % (2¢)
Pd1,0,0(2b)  Fe34,0,0(2b) Pt 0,0, 2 (2¢) Pd2 5, 4. & (4D)
Rh 1,0, (4h)
AFLOW label [33] 123 72 b83 38 55

[50], Miedema formation enthalpy [51], Zunger pseudo-
potential radii maps [52], and Pettifor maps [44,45].
These empirical rules and structure maps have helped
direct a few successful searches for previously unob-
served compounds [53]. However, they offer a limited
response to the challenge of identifying new compounds
because they rely on the existence of consistent and
reliable experimental input for systems spanning most
of the relevant parameter space. In many cases, reliable
information is missing in a large portion of this space;
e.g., less than 50% of the binary systems have been
satisfactorily characterized [54]. This leaves considerable
gaps in the empirical structure maps and reduces their
predictive usefulness. The advance of HT computational
methods makes it possible to fill these gaps in the
experimental data with complementary ab initio data
by efficiently covering extensive lists of candidate struc-
ture types [28]. This development was envisioned by
Pettifor a decade ago [53], and here we present its
realization for PGM alloys.

Figure 2 shows a Pettifor structure map, enhanced by
our HT computational results, for structures of 1:1 stoi-
chiometry. The elements along the map axes are ordered
according to Pettifor’s chemical scale (y parameter)
[45]. Circles indicate agreement between computation
and experiment, regarding the existence of 1:1 com-
pounds, or lack thereof. If the circle contains a label
(Strukturbericht or prototype), this denotes the structure
that is stable in the given system at this stoichiometry.
Rectangles denote disagreement between experiments
and computation about the 1:1 compounds, in systems
reported as compound forming (blue rectangles) or as
non-compound forming (red and gray rectangles). In the
lower left part of the map, there is a region of non-
compound-forming systems, whereas the upper part of
the map is mostly composed of compound-forming sys-
tems. In the upper part of the map, experiment and

computation agree, preserving a large cluster of B2
structures, or differ slightly on the structure reported to
have the lowest formation enthalpy at 1:1 (blue rectan-
gles). For example, the 1:1 phases of Hf-Pd and Pd-Zr
are unknown according to the phase-diagram literature,
but we find the stable phases with B33 structure, right
next to Hf-Pt in the diagram, which is reported as a B33
structure. Similarly, stable L1, structures are identified in
the Ir-Ti and Rh-Ti systems, adjacent to a reported
cluster of this structure. Two additional L1, structures
are identified in the Cd-Pd and Pd-Zn systems, instead of
the reported CuTi structures, extending a small known
cluster of this structure at the bottom right corner of the
map. These are examples of the capability of HT
ab initio results to complement the empirical Pettifor
maps and extend their regions of predictive input, in a
way consistent with the experimental data.

In the middle of the map, in a rough transition zone
between compound-forming and non-compound-forming
regions, computation finds quite a few cases where stable
compounds are predicted in systems where none have
been reported experimentally (pink rectangles). Most
prominent here is a large cluster of B19 compounds.
Nine systems marked by light gray rectangles are re-
ported in experiments as having no compounds, but our
calculations find stable compounds at stoichiometries
other than 1:1.

At the stoichiometries of 1:2 and 2:1, Fig. 3 shows
significant additions of the calculations to the experi-
mental data on compound formation. Again, the sys-
tems where computation finds stable compounds in
experimentally non-compound-forming systems are
found at the border between the compound-forming
region (dark gray circles and white labeled circles)
and the non-compound-forming region (light gray
circles), or they fill isolated gaps within the
compound-forming regions. The calculations augment
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FIG. 2. A Pettifor-type structure map for 1:1 stoichiometry
compounds in PGM binary systems. Circles indicate agreement
between experiment and computation: White circles with
Strukturbericht or prototype labels denote 1:1 compounds, dark
circles indicate a compound-forming system with no compounds
at 1:1, and light circles denote non-compound-forming systems.
Blue rectangles denote compound-forming systems where the
reported and computed stable structures differ at 1:1 stoichiome-
try. The top label in the rectangle is the reported structure; the
bottom label is the structure we find to be stable in this work. A
dash “—” indicates the absence of a stable structure. Unidentified
suspected structures are denoted by a question mark. Pink rec-
tangles indicate systems reported as non-compound forming, with
a dash at the top of the rectangle, but we find a stable 1:1 phase,
identified at the bottom of the rectangle. Light gray rectangles
indicate systems reported as non-compound forming where a
structure is predicted at a stoichiometry different from 1:1. A
dark gray rectangle indicates a system reported with a disordered
compound where no stable structures are found in the calculation.

islands of structurally similar regions, yielding a more
consistent structure map. For example, calculation finds
the CuZr, structure for Nb-Pd, extending the island of
this structure already present in the experimental results
(left panel, upper right). The calculations significantly
extend the Hg,Pt island in the lower right of the B,A
panel, from a single experimental entry to six systems
(in Hg-Pt itself, the calculation finds this structure
slightly unstable at 7 = 0K, 25 meV/atom above the
stability tieline). A cluster of o phases in the left panel
shows that this reported disordered phase has underlying
ordered realizations at low temperatures. Three completely
new islands, for the C37, Ga,Hf, and IrTc, structures,
appear near the upper center of the A,B panel. Another
new cluster, of the Pd,Ti structure, appears at the lower
center of both panels. In general, the clusters of blue rec-
tangles show that the calculations augment the experimen-
tal results in a consistent manner.

The structure map for 1:3 phases is shown in Fig. 4.
Similarly to the 1:1 and 1:2 maps, the calculation ex-
tends structural islands of the experimental data, most
new phases in non-compound-forming systems occur in
systems at the boundary between compound-forming and
non-compound-forming regions, and there is significant
agreement between the experimentally reported phases
(or lack thereof) and calculated phases. In the upper part
of the right panel, the L1, and DO, clusters are pre-
served with slight modifications at their boundaries (at
Pt-Ti, the PuAl; structure is only 3 meV/atom lower
than the experimental structure DO,4, a difference too
small to be significant). The D09 cluster is significantly
expanded. In the left panel, the calculations introduce a
new DO;¢ island near the center of the diagram. New
small regions of the D0O,, structures emerge at the right
bottom of both panels. Adjacent DO,; and CdPt} islands
appear in the left and right panels, respectively. The
experimental DO, structure for RhZr; may actually be
SV; since in the calculation the DO, structure relaxed
into the SV; structure, creating a small SV; island at the
top of the left panel.

The structure maps of Figs. 2—4 give a bird’s eye view
of the exhaustive HT search for new structures.
Consistent with the empirical maps, they show signifi-
cant separation of different structures into regions where
the constituent elements have a similar Pettifor y num-
ber. The HT data significantly enhance the empirical
maps, extend the regions of some structures, fill in
apparent gaps, and indicate previously unsuspected struc-
ture clusters. Moreover, the HT data contain more detail
than is apparent in the structure maps. Even when cal-
culation and experiment agree that a system is compound
forming [green (dark gray) circles in Fig. 1], the calcu-
lations often find additional stable compounds, beyond
those known in experiment. When the reported structures
are found to be unstable in the calculation, they are
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FIG. 3. A Pettifor-type structure map for 1:2 stoichiometry compounds in PGM binary systems. The symbols are as in Fig. 2, with
the map stoichiometry changed, respectively, from 1:1 to 1:2 or 2:1.

usually just slightly less stable than the calculated
ground state, or just slightly above the convex hull in
a two-phase region. Such cases and numerous additional
predictions of marginally stable structures harbor
further opportunities for materials engineering and
applications.

V. CONCLUSIONS

In this study, the low-temperature phase diagrams of all
binary PGM-transition metal systems are constructed by
HT ab initio calculations. The picture of PGM alloys
emerging from this study is much more complete than

041035-14



COMPREHENSIVE SEARCH FOR NEW PHASES AND ...

PHYS. REV. X 3, 041035 (2013)

B;\A
Y
Sc
Zr
Hf
Ti
Nb
Ta
\Y
Mo
W
Cr
Tc
Re
Mn
Fe
Os
Ru
Co
Ir
Rh
Ni
Pt
Pd
Au
Ag
Cu
Hg
Cd
Zn

uy)
=y
R

oo -
e0ze(

=
3]
=
o

BlolIOL L LG

o |w) >
115 81 8l 'mQQa

®:
1® @O

-

lw) >
18112@ |
g

SO
:

00000000
1000000 O
10000000

=
5

z
o
)
o

o

1000 =
00000

2
o

o
o
=
©

o
o
=
©

CO 0000

L1,

?
D03

DO0y;

L1,
DO,

@

?

D0y,

©)
7
X0
c
ny)
5

Ir Pt Pd A3/B

PuNi,

L1,

00000
060
BEEEEED
HCeE

ee

L1
b &b (NoPt,)  (NoPG.) Nb
L1,
Sl (NoPty) (D0 Ta
L1 L1 Do Do
Re;Ru DOy DO; X NbPd, Y

®:

us)
181813 @
g ' g ' =2 ' B
»
|w)
TIY
$
° @6
8
$

(5@ 1~ 2
6

?

bocl)
= oom () % wn
O O DO, DO teild, oo, Fe
o, () os
D_Ou 1, O Ru
O fcc-t_et[f,)%lsl Co
O O Ir
i () mn

50
O
O

O O () oo fectetiel Ni
O O DO, Cd_Ptg Pt
© O O O B Pd
© O O O O 4w
© O O O FiiEE-~
O O O ooy 0, Cu
© O O @ "2 lmH
O O O O & o cd
O 0 0 0 @& 0=

FIG. 4. A Pettifor-type structure map for 1:3 stoichiometry compounds in PGM binary systems. The symbols are as

in Fig. 2.

that depicted by current experimental data, with dozens of
stable structures that have not been previously reported.
We predict ordering in 28 systems reported to be
phase separating and in five systems where only disor-

dered phases are reported. In addition, in the known
ordering systems, we find many cases in which more
phases are predicted to be stable than reported in the
experimental phase diagrams. These ab initio results
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complement the ordering tendencies implied by the
empirical Pettifor maps. Augmenting the experimental
data compiled in the phase-diagram databases [35,36]
with high-throughput first-principles data [33,34], we
construct Pettifor-type structure maps that point to new
opportunities for alloys research. These maps demon-
strate that the integration of the empirical and computa-
tional data produces enhanced maps that should provide a
more comprehensive foundation for rational materials
design. The theoretical predictions presented here will
hopefully serve as a motivation for their experimental
validation and be a guide for future studies of these
important systems.

The maps in Figs. 2—4 include a large number of light
blue rectangles, pointing to experiment-theory mis-
matches on structures at simple compositions in binary
systems known to be compound forming. This may raise
reservations that the level of theory employed, DFT-
PBE, may not be as good as commonly accepted for
transition metal alloys. A more careful look, however,
shows that many of these mismatches, e.g., Hflr, PdZr,
Cd,Pt, CuPt;, and AusPd, involve cases where a com-
pound of unknown structure has been reported by ex-
periments. The calculation thus reveals the stable
structure and closes the gap in the experimental data.
In most other cases, e.g., RhZr, PtV, Ir;V, Rh,Ta, and
Cu,Pt, the energy difference between the reported struc-
ture and the calculated structure or two-phase tieline is
rather small and is congruent with the adjacent structure
clusters in the maps. Similar improved consistency with
reported structure clusters also appears in cases where
the discrepancies are considerable, e.g., CdPd and PdZn.
In addition, as discussed in Sec. III, the calculations
reproduce many complex large unit-cell structures that
are reported in the experimental literature. Moreover, it
is important to remember that experiments are per-
formed at room temperature or higher, while our calcu-
lations are carried out at zero temperature. Many phase
discrepancies may therefore be due to vibrational pro-
motion [55] or the tendency of structures to gain sym-
metries by losing their internal Peierls instabilities or
Jahn-Teller distortions. Therefore, the disagreements
emerging in our calculations may not be a sign of
deficiencies in the theoretical treatment but a demon-
stration of its usefulness is bridging gaps in the experi-
mental data and extending it towards unknown phase
transitions at lower temperatures. The ultimate test of
this issue rests with experimental validation of at least
some of our predictions, which would hopefully be
motivated by this work.

To help accelerate this process of experimental valida-
tion, discovery, and development of materials [56], we will
offer a public domain ‘“Application Programming
Interface” (REST-API [57]) that will allow the scientific

community to download information from the AFLOWLIB
repository [37]. It would ultimately enable researchers to
generate alloy information remotely on their own com-
puters. Extension of the database to nanoalloys and nano-
sintered systems is planned within the size-pressure
approximation (i.e., Fig. 2 of Ref. [58]), to study trends
of solubility and size-dependent disorder-order transitions
and segregation in nanocatalysts [21,58—60] and nanocrys-
tals [61,62].

A few of our predictions correspond to phases where
the driving force for ordering is small (i.e., the forma-
tion enthalpy is small, and it may be difficult to reach
thermal equilibrium); however, it should be noted that
some experimentally reported phases have similarly
small formation enthalpies. Some of these predicted
phases could be more easily realized as nanostructured
phases, where the thermodynamics for their formation
may be more favorable. Our results should serve as the
foundation for finite-temperature simulations to identify
phases that are kinetically accessible. Rapid thermody-
namical modeling and descriptor-based screening of
systems predicted to harbor new phases should be
used to pinpoint those phases with the greatest potential
for applications [28]. Such simulations would be an
invaluable extension to this work; however, the neces-
sary tools to accomplish them on a similarly large scale
are not yet mature.
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Note added in proof.—While this paper was being pre-
pared for publication, a new experimental study identified
the new compound Hf;Pt,, of prototype Pd,Pu; [63]. Our
calculations show that this structure is metastable in the
HfPt system, at 19 meV/atom above the convex hull, as
well as in the HfPd and PdZr systems. The same structure
is predicted as a ground state in the RhZr, PtSc, PdSc, PtY,
and PdY systems.

APPENDIX

This appendix includes Figs. 5-19, which present the
low-temperature phase diagrams (convex hulls) of all
the compound-forming PGM-transition metal binary
systems.
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FIG. 11. Convex hulls for the systems Mn-Pt, Mn-Rh, Mn-Ru, Mo-Os, Mo-Pd, Mo-Pt, Mo-Rh, and Mo-Ru.
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