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Abstract: 118 kinds of Pt−Zr phases were established and investigated by considering various structures. Then the related physical 
properties, such as structural stability, lattice constants, formation enthalpies, elastic constants and bulk moduli, are obtained by ab 
initio calculations. Based on the calculated results of formation enthalpies, the ground-state convex hull is derived for the Pt−Zr 
system. The calculated physical data would provide a basis for further thermodynamic calculations and atomistic simulations. For 
these Pt−Zr compounds, it is found there are a positive linear correlation between the formation enthalpies and atomic volumes, and a 
negative linear correlation between the bulk modules and atomic volumes. 
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1 Introduction 
 

Over the last decades, great efforts have been made 
in the fundamental understanding of both the phase 
stability and mechanical properties of intermetallic 
compounds based on the results of quantum–mechanical 
electronic structure calculations [1−4]. Ab initio 
calculation based upon electronic density functional 
theory (DFT) has been employed to derive a number of 
basic physical properties, including formation enthalpies, 
lattice parameters, elastic constants, and the relative 
stability of competing phases [5−8]. YANG et al [9] 
reported a detailed investigation on the electronic 
structure, chemical bonding behavior, ground-state 
properties, and optical properties of the whole 
M−IRMOF−10 (M=Zn, Cd, Be, Mg, Ca, Sr and Ba) 
series using first-principles methods. As presented by 
WANG et al [10], ab initio calculations are employed to 
determine the formation enthalpy of Cu3Au alloys in 
either ordered or disordered state. Using the plane-wave 
pseudopotential method based on the density functional 
theory (DFT) in ABINIT code, LI et al [11] studied the 
phase stability, electronic structure and mechanical 

properties of Ti5Al2C3, a recently synthesized Ti−Al−C 
ternary compound. Previous research has demonstrated 
that those ab initio methods yield high accuracy in 
deriving the formation enthalpies and basic mechanical 
properties for ordered intermetallic compounds in a wide 
range of systems. 

For Zr-based bulk metallic glasses (BMGs), many 
Zr-light metal compounds have been studied by 
experiment and calculation. A constructed n-body 
potential of the Ni−Zr−Al system was applied by ZHAO 
et al [12], and Monte Carlo simulations were adopted to 
study the formation and atomic configurations of ternary 
metallic glasses. Using direct current magnetron 
sputtering, SHIN et al [13] synthesized the Zr65Cu35 thin 
film metallic glass, and examined the plasticity-induced 
nanocrystalline phase transformation by high resolution 
transmission electron microscopy. However, for 
Zr-precious metal ones, most experiments focused on the 
synthesis of metallic glasses, and reports on computer 
simulations were much less extensive than those with 
many commercial applications [14,15]. As TAGUE et  
al [16] reported, Pt−Zr binary thin film composition 
spreads were deposited at low Zr concentrations using 
magnetron sputtering and screened for methanol and 
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ethanol electrooxidation activity using a fluorescence 
assay. Using first-principles local density functional 
approach, XING et al [17] calculated the ground-state 
structural phase stabilities and enthalpies of formation of 
refractory ZrPt and ZrPt3 compounds. Previous studies 
commonly focused on special properties or phases of the 
Pt−Zr compounds, and little systematic or basic 
researches have been reported for the Pt−Zr binary 
system. Therefore, the Pt−Zr compounds are taken as 
objects to supply the bank of basic data. On one hand, 
the calculated results could be a connection of 
experiments and thermodynamic calculations, since most 
physical properties at low temperature could hardly be 
detected directly. On the other hand, ab initio method is a 
significant application for fitting empirical potentials 
which are widely utilized in Molecular Dynamics and 
Monte Carlo simulations. 
 
2 Method and procedure of calculation 
 

The electronic structure problems were identified by 
the ab initio simulation package of CASTEP (Version 5.5) 
[18]. The Perdew−Burke−Ernzerhof functional (PBE) 
functions [19] for the metals supplied with CASTEP and 
exchange–correlation functional gradient-corrected 
(GGA) [20] were adopted without modification. The 
crystalline phases were first optimized by the BFGS 
method [21]. The implementation of BFGS scheme in 
CASTEP involved a Hessian matrix in the mixed space 
of internal and cell degrees of freedom, so that both 
lattice parameters and atomic coordinates can be 
optimized [22]. Elastic constants were evaluated by 
calculating the stress tensor for a number of distorted 
phases. The accuracy of the elastic constants depends to 
a great extent on the accuracy of the SCF setting and also 
on the level of convergence of geometry optimizations 
for each distorted structure. These parameters as the 
energy cut off, maximum displacement, SCF 
convergence criteria and k–point set recommended by 
CASTEP were adopted in calculation, which balanced 
the efficiency and precision. 

In order to verify the relevance of the ab initio 
method employed, the lattice stabilities, structural 
properties as well as elastic constants of Zr and Pt metals 
were calculated. These data are shown in Tables 1 and 2. 
It is shown that the calculated physical properties 
 
Table 1 Comparison of lattice stabilities (kJ/mol) of Zr and Pt 
at 0 K calculated by ab initio 

Source hcp fcc
ZrE →Δ  hcp bcc

ZrE →Δ  fcc bcc
PtE →Δ  fcc hcp

PtE →Δ

Ab initio 3.8724 8.0425 9.7250 3.1112 

Expt. [23] 3.5650 6.8410 14.4528 2.8906 

SGTE [24] 7.60 7.31 15.00 2.50 

Table 2 Lattice constants (a, c), structural energies (Ec), bulk 
modulus (B0), and elastic constants (Cij) of Zr and Pt obtained 
from CASTEP and experiments (second rows) [25] 

Zr Pt 
Property BCC 

(cI2)
FCC 
(cF4)

HCP 
(hP2) 

BCC 
(cI2) 

FCC 
(cF4)

HCP 
(hP2)

3.577 4.547 3.248 3.196 4.006 2.810
a/Å 

3.545 − 3.23 − 3.92 − 

− −− 5.192 − − 4.745
c/Å 

− − 5.15 − − − 

1.088 0.906 1.491 1.934 3.074 4.019
C11/Mbar

− − 1.434 − 3.47 − 

0.807 0.680 0.470 2.589 2.293 1.778
C12/Mbar

− − 0.672 − 2.51 − 

− − 0.543 − − 1.783
C13/Mbar

− − 0.646 − − − 

− − 1.407 − − 3.331
C33/Mbar

− − 1.648 − −  

0.343 0.396 0.130 1.451 0.620 0.358
C44/Mbar

− − 0.320 − 0.765 − 

0.901 0.755 0.834 2.370 2.553 2.432
B0/Mbar

− − 0.954 − 2.83 − 

 
are all in agreement with the available experimental data. 
Therefore, one can conclude that the ab initio method 
utilized in present study is reasonable and sufficient 
enough for our required accuracy. 
 
3 Structural and elastic properties of Pt−Zr 

compounds 
 
In the present study, 9 stable and 109 hypothetical 

compounds were selected for the Pt−Zr system to study 
their structural stability and other related basic physical 
properties, including lattice constants, formation 
enthalpies, elastic constants as well as bulk modulus. The 
phases obtained in experiment (already reported by 
researchers) are simply supposed to be stable phases, and 
the others constructed are supposed to be meta-stable 
ones. All the calculated results are listed in Tables 3 and 
4. It can be found that both the calculated lattice 
constants and formation enthalpies of stable phases 
match well with available experimental data. 

For the equiatomic PtZr compound, a previous 
study shows that the room-temperature structure is 
orthorhombic CrB-type, space group Cmcm (a=3.409 Å, 
b=10.315 Å, c=4.277 Å). The orthorhombic structure 
exits stably up to 1848 K, but then is replaced by a cubic 
B2-type phase with a=3.3851 Å at 1863±10 K [27, 34]. 
In experiment, the orthorhombic phase re-appeared on 
cooling, indicating that there is a typically martensitic  
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Table 3 Comparison of lattice parameters, cell angles (90° are not been listed) and formation enthalpies ∆H of Pt−Zr compounds 
obtained by ab inito calculations (at 0 K, in upper rows) and available experimental results (at ambient temperature, in lower rows) 

Phase Space group (No.) Prototype a/Å b/Å c/Å α/(°) β/(°) γ/(°) ∆H/(kJ·mol−1) 

Stable 

PtZr Cmcm (63) CrB 3.445 
3.409 [27] 

10.436
10.315

4.328 
4.277 

− 

−

− 

− 
− 

− 
−115.10 

− 

PtZr Pm3m (221) CsCl 3.356 
3.31 [26] 

− 
− 

− 
− 

− 

−

− 

− 
− 

− 
−97.25 
−90 [29] 

Pt2Zr I4/mmm (139) MoSi2 3.495 − 8.786 − − − −104.51 

Pt3Zr Pm3m (221) Cu3Au 4.057 
3.99 [26] 

− 
− 

− 
− 

− 

−

− 

− 
− 

− 
−106.15 

− 

Pt3Zr P63/mmc (194) Ni3Ti 5.745 
5.624 [26] 

− 
− 

9.401 
9.213 

− 

−

− 

− 
120 
120 

−106.97 
−106 [34] 

Pt3Zr5 P63/mmc (194) Mn5Si3 
8.287 

8.201 [32] 
− 
− 

5.416 
5.405 

− 

−

− 

− 
120 
120 

−86.72 
−63 [28] 

Pt11Zr9 I4/m (87) Pt11Zr9 
10.486 

10.297 [33] 
− 
− 

6.856 
6.888 

− 

−

− 

− 
− 

− 
−63.81 
− 

Pt10Zr7 Cmca (64) Ni7Zr10 
9.739 

9.613 [30] 
9.701 
9.612 

13.330
13.087

− 

−

− 

− 
− 

− 
−113.74 

− 

Pt8Zr I4/mmm (139) Pt8Ti 8.569 
8.386 [31] 

− 
− 

4.020 
4.027 − − − −51.85 

−54 [28] 

Hypothetical 

PtZr P4/nmm (129) γ−CuTi 3.579 − 6.102 − − − −90.22 

PtZr P4/mmm (123) AuCu−I 4.833 − 3.197 − − − −97.52 

PtZr F 4 3m (216) ZnS 6.036 − − − − − −31.32 

PtZr Fm3m (225) NaCl 5.510 − − − − − −84.67 

PtZr P63/mmc (194) NiAs 4.169 − 5.594 − − 120 −93.85 

PtZr P42/mmc (131) PtS 2.939 − 9.429 − − − −22.70 

PtZr P63mc (186) ZnS 3.779 − 8.284 − − 120 −39.03 

PtZr P6/mmm (191) CoSn 5.632 − 4.642 − − 120 −76.82 

PtZr2 Amm2 (38) Au2V 4.761 10.624 4.795 − − − −76.51 

PtZr2 P63/mmc (194) Ni2In 4.940 − 5.654 − − 120 −67.69 

PtZr2 Fm3m (225) CaF2 6.520 − − − − − −57.52 

PtZr2 Fd3m (227) Cu2Mg 7.791 − − − − − −5.76 

PtZr2 Pn3m (224) Cu2O 5.801 − − − − − 76.24 

PtZr2 P6/mmm (191) AlB2 4.814 − 2.834 − − 120 −31.01 

Pt2Zr P63/mmc(194) Ni2In 4.677 − 5.613 − − 120 −105.14 

Pt2Zr Cmmm (65) Ga2Zr 12.679 4.162 3.975 − − − −99.62 

Pt2Zr Fm3m (225) CaF2 6.304 − − − − − −71.86 

Pt2Zr Fd3m (227) Cu2Mg 7.581 − − − − − −77.28 

Pt2Zr Pn3m (224) Cu2O 5.709 − − − − − 99.14 

Pt2Zr P6/mmm (191) AlB2 4.663 − 2.840 − − 120 −77.46 

PtZr3 I4/mmm (139) Al3Ti 4.129 − 9.618 − − − −46.92 

PtZr3 P63/mmc (194) Ni3Sn 6.071 − 5.130 − − 120 −45.59 

PtZr3 P63/mmc (194) Ni3Ti 6.026 − 10.441 − − 120 −44.83 

PtZr3 Pm3m (221) Cu3Au 4.342 − − − − − −46.04 

PtZr3 I4/mmm (139) Al3Zr 4.182 − 18.77 − − − −46.91 

 to be continued 
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Continued 
Phase Space group(No.) Prototype a/Å b/Å c/Å α/(°) β/(°) γ/(°) ∆H/(kJ·mol−1) 

PtZr3 P4/mmm (123) CuTi3 4.732 − 3.610 − − − −49.62 

PtZr3 Fm3m (225) BiF3 6.830 − − − − − −43.79 

PtZr3 Pm3m (221) ReO3 5.182 − − − − − 65.09 

Pt3Zr I4/mmm (139) Al3Ti 4.037 − 8.298 − − − −100.58 

Pt3Zr P63/mmc (194) Ni3Sn 5.746 − 4.704 − − 120 −104.82 

Pt3Zr P63/mmc (194) Ni3Ti 5.745 − 9.402 − − 120 −106.97 

Pt3Zr Pm3m (221) Cu3Au 4.064 − − − − − −106.15 

Pt3Zr I4/mmm (139) Al3Zr 4.051 − 16.423 − − − −103.76 

Pt3Zr P4/mmm (123) CuTi3 4.064 − 4.064 − − − −106.15 

Pt3Zr Fm3m (225) BiF3 6.515 − − − − − −76.70 

Pt3Zr Pm3m (221) ReO3 5.029 − − − − − 99.89 

PtZr4 I4/m (87) Ni4Mo 7.892 − 3.409 − − − −45.27 

PtZr4 I4/mmm (139) Al4Ba 3.864 − 20.002 − − − 92.07 

PtZr4 Imma (74) UAl4 3.237 9.175 15.871 − − − −11.84 

PtZr4 P4/nmb (125) PtPd4 6.531 − 5.343 − − − −34.20 

Pt4Zr I4/m (87) Ni4Mo 6.432 − 4.073 − − − −74.56 

Pt4Zr I4/mmm (139) Al4Ba 3.595 − 17.826 − − − 61.62 

Pt4Zr Imma (74) UAl4 3.955 8.096 11.680 − − − −47.23 

Pt4Zr P4/nmb (125) PtPd4 6.829 − 3.856 − − − −55.38 

PtZr5 P6/mmm (191) CaZn5 5.593 − 5.146 − − 120 46.90 

PtZr5 F 4 3m (216) AuBe5 8.061 − − − −  10.92 

Pt5Zr P6/mmm (191) CaZn5 5.277 − 4.563 − − 120 −36.72 

Pt5Zr F 4 3m (216) AuBe5 7.489 − − − − − −51.71 

PtZr6 Pnma (62) CeCu6 13.129 5.873 8.073 − − − −14.30 

PtZr6 Pm3m (221) CaB6 7.082 − − − − − 232.23 

PtZr6 I4/mcm (140) U6Mn 11.023 − 5.229 − − − −24.93 

Pt6Zr Pnma (62) CeCu6 9.559 5.426 9.517 − − − −44.54 

Pt6Zr Pm3m (221) CaB6 6.184 − − − − − 160.86 

Pt6Zr I4/mcm (140) U6Mn 10.136 − 4.845 − − − 9.33 

Pt6Zr Cmcm (63) Al6Mn 9.123 5.442 9.841 − − − −31.19 

Pt2Zr3 P4/nmm (129) Cu3Ti2 3.457 − 16.672 − − − −74.97 

Pt2Zr3 I4/nmm (139) Al3Os2 3.298 − 18.150 − − − −82.65 

Pt2Zr3 P 3 m1 (164) La2O3 4.616 − 5.193 − − − −75.09 

Pt2Zr3 Ia 3  (206) Mn2O3 12.594 − − − − − −59.69 

Pt2Zr3 P 3 m1 (164) Ni2Al3 4.616 − 5.913 − − 120 −75.09 

Pt2Zr3 P4/mbm (127) U3Si2 7.674 − 3.430 − − − −88.84 

Pt2Zr3 P63/mmc (194) Pt2Sn3 4.376 − 13.247 − − − −73.16 

Pt2Zr3 R32 (155) Ni3S2 4.936 − − 72.3 − − −59.50 

Pt3Zr2 P4/nmm (129) Cu3Ti2 3.365 − 18.595 − − − −13.97 

Pt3Zr2 I4/nmm (139) Al3Os2 3.514 − 14.855 − − − −110.68 

Pt3Zr2 P 3 m1 (164) La2O3 3.732 − 8.519 − − − −79.79 

Pt3Zr2 Ia 3  (206) Mn2O3 12.098 − − − − − −66.93 

to be continued 
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Continued 

Phase Space group(No.) Prototype a/Å b/Å c/Å α/(°) β/(°) γ/(°) ∆H/(kJ·mol−1) 

Pt3Zr2 P 3 m1 (164) Ni2Al3 4.616 − 5.509 − − 120 −91.93 

Pt3Zr2 P4/mbm (127) U3Si2 7.646 − 3.306 − − − −79.19 

Pt3Zr2 P63/mmc (194) Pt2Sn3 3.721 − 13.139 − − − −82.96 

Pt3Zr2 R32 (155) Ni3S2 4.749 − − 92.1 − − −77.62 

Pt2Zr5 P63/mmc (194) W2B5 4.838 − 13.888 − − 120 −22.47 

Pt5Zr2 P63/mmc (194) W2B5 4.533 − 14.365 − − 120 −73.22 

Pt5Zr2 P63/mmc (194) Co2Al5 8.725 − 8.285 − − 120 −63.76 

Pt3Zr4 I4/mmm (139) Cu4Ti3 3.476 − 22.722 − − − −82.76 

Pt3Zr4 R 3 m (166) Al4C3 9.971 − − 25.9 − − −60.63 

Pt3Zr4 Fd3m (227) Co3S4 11.202 − − − − − −50.77 

Pt3Zr4 I 4 3d (220) Th3P4 8.311 − − − − − −80.94 

Pt4Zr3 I4/mmm (139) Cu4Ti3 3.543 − 21.027 − − − −97.43 

Pt4Zr3 R 3 m (166) Al4C3 8.149 − − 33.1 − − −90.89 

Pt4Zr3 Fd3m (227) Co3S4 11.177 − − − − − −36.59 

Pt4Zr3 I 4 3d (220) Th3P4 8.146 − − − − − −98.07 

Pt4Zr3 Immm (71) Ta3B4 3.406 19.341 4.128 − − − −99.81 

Pt3Zr5 I4/mcm (140) Cr5B3 6.887 − 13.847 − − − −81.84 

Pt3Zr5 P63/mmc (194) Mn5Si3 8.287 − 5.417 − − 120 −86.72 

Pt5Zr3 P63/mmc (194) Mn5Si3 8.081 − 5.536 − − 120 −93.69 

Pt5Zr3 I4/mcm (140) Cr5B3 7.132 − 13.613 − − − −40.34 

Pt5Zr3 I4/mcm (140) W5Si3 10.505 − 5.305 − − − −90.86 

Pt3Zr7 Im3m (229) Ge7Ir3 9.587 − − − − − −51.20 

Pt3Zr7 P63mc (186) Fe3Th7 9.299 − 5.841 − − 120 −71.09 

Pt7Zr3 Im3m (229) Ge7Ir3 9.288 − − − −  −42.10 

Pt7Zr3 P63mc (186) Fe3Th7 8.954 − 5.302 − − 120 −77.11 

Pt3Zr8 Pnma (62) Cu8Hf3 10.229 8.296 11.001 − − − 24.43 

Pt8Zr3 Pnma (62) Cu8Hf3 8.496 8.680 10.452 − − − −28.09 

Pt5Zr8 Pbam (55) Al2Bi6Ca5 19.862 7.815 3.371 − − − −81.01 

Pt5Zr8 Pbam (55) As6Ca5Ga2 10.870 13.981 3.567 − − − −75.13 

Pt5Zr8 Pbam (55) Nb2Pd3Se8 12.015 9.855 4.516 − − − −67.00 

Pt5Zr8 Pbam (55) P6Sn2Sr5 10.869 13.983 3.567 − − − −75.13 

Pt5Zr8 Pmmn (57) B3Ge2Ni8 14.271 4.616 8.169 − − − −79.48 

Pt5Zr8 Cmmm (65) Ce3Ni2Si8 4.863 23.003 4.865 − − − −66.92 

Pt5Zr8 R3m (160) Cr5Al8 8.277 − − 98.6 − − −71.05 

Pt8Zr5 Pbam (55) Al2Bi6Ca5 19.968 6.818 3.557 − − − −94.33 

Pt8Zr5 Pbam (55) As6Ca5Ga2 12.755 11.067 3.481 − − − −89.57 

Pt8Zr5 Pbam (55) Nb2Pd3Se8 10.674 9.918 4.688 − − − −98.07 

Pt8Zr5 Pbam (55) P6Sn2Sr5 12.756 11.067 3.480 − − − −89.57 

Pt8Zr5 Pmmn (57) B3Ge2Ni8 13.839 4.380 8.084 − − − −84.53 

Pt8Zr5 Cmmm (65) Ce3Ni2Si8 4.994 20.684 4.989 − − − −63.23 

Pt8Zr5 R3m (160) Cr5Al8 8.506 − − 108.6 − − −75.00 

Pt7Zr10 Cmca (64) Ni7Zr10 10.156 7.889 17.155 − − − −64.29 
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Table 4 Calculated elastic constants and bulk modulus of stable and hypothetical crystalline phases in Pt−Zr system 
Elastic constant/Mbar 

Phase Prototype 
C11 C22 C33 C44 C55 C66 C12 C13 C23 

B0/Mbar

Stable 
PtZr CrB 1.99 3.48 2.58 0.83 0.87 0.75 1.28 1.48 1.58 1.75 
PtZr CsCl 1.83 − − 0.38 − − 1.65 − − 1.71 

Pt2Zr MoSi2 2.16 − 2.99 0.62 − 1.10 1.85 1.40  1.84 

Pt3Zr Cu3Au 3.40 − − 0.98 − − 1.75 − − 2.30 

Pt3Zr Ni3Ti 3.37 − 3.75 0.88 − − 1.59 1.47 − 2.26 

Pt3Zr5 Mn5Si3 2.11 − 2.02 0.03 − − 1.47 1.05 − 1.47 

Pt11Zr9 Pt11Zr9 1.51 − 2.31 0.36 − 0.46 1.87 1.40 − 1.62 
Pt10Zr7 Ni7Zr10 2.38 2.58 2.55 0.72 0.57 0.61 1.52 1.50 1.55 1.85 
Pt8Zr Pt8Ti 3.42  3.07 0.99 0.57 − 1.56 1.57 − 2.33 

Hypothetical 
PtZr2 Au2V 2.07 1.46 2.22 0.60 0.53 0.62 1.08 1.05 1.01 1.28 
Pt2Zr Ni2In 2.57 − 3.60 0.36 − − 2.19 1.08 − 1.94 

PtZr3 CuTi3 1.53 − 1.68 0.16 − 0.55 1.22 0.92 − 1.20 

PtZr4 Ni4Mo 1.27 − 1.67 0.44 − 0.42 0.77 0.84 − 0.99 

Pt4Zr Ni4Mo 3.09 − 2.83 0.89 − 0.58 1.64 1.84 − 2.18 

Pt5Zr AuBe5 3.13 − 0.95 − −  1.80  − 2.24 

PtZr6 U6Mn 1.33 − 1.89 0.35 − 0.18 1.02 0.80 − 1.09 

Pt2Zr3 Al3Os2 1.67 − 1.67 0.43 − 0.46 1.18 1.32 − 1.40 

Pt3Zr2 Al3Os2 2.37 − 3.00 0.55 − 0.93 1.69 1.20 − 1.77 

Pt3Zr4 Cu4Ti3 2.04 − 1.82 0.50 − 0.79 1.21 1.01 − 1.36 

Pt4Zr3 Cu4Ti3 1.93 − 2.41 0.60 − 0.96 1.27 1.00 − 1.42 

Pt5Zr3 Mn5Si3 2.31 − 2.60 0.37 − − 1.56 0.58 − 1.39 

Pt3Zr7 Fe3Th7 1.64 − 1.29 0.36 − − 0.93 0.91 − 1.10 
Pt3Zr8 Cu8Hf3 1.26 1.65 2.16 0.08 0.36 −0.55 0.89 1.23 0.64 1.13 
Pt8Zr3 Cu8Hf3 2.28 2.73 2.68 0.48 0.33 0.58 1.74 1.51 1.67 2.00 
Pt5Zr8 Al2Bi6Ca5 1.99 1.86 1.75 0.57 −0.70 0.52 1.41 1.17 1.08 1.41 
Pt8Zr5 Al2Bi6Ca5 2.13 2.13 1.83 0.40 0.27 0.45 1.33 1.62 1.64 1.70 

 
transformation existing in the compound. As presented in 
Table 3, the calculated results show that the lattice 
parameters of the orthorhombic CrB-type phase are 
a=3.445 Å, b=10.436 Å, c=4.328 Å, and that of the 
B2-type phase is a=3.356 Å. The deviation of lattice 
constants is in the order of 0.01 Å or in the range of 
1.17%, indicating that the calculated results are in 
accordance with the experimental ones. Simultaneously, 
it is found that the formation enthalpy of the 
orthorhombic phase is about 20 kJ/mol lower than that of 
B2-type phase at 0 K, providing a thermodynamic basis 
for the fact that the former is more stable compared with 
the latter at low temperatures. The CrB-type PtZr 
compound possesses two equivalent atom positions 
(coordination number=9 and 17 for atoms Pt and Zr, 
respectively) in one cell. The CrB-type phase is most 
stable, possessing the lowest formation enthalpy, in all 
the considered PtZr compounds. According to the reports 

on the Pt3Zr compound [26], two stable phases 
(Pm3m-Cu3Au and P63/mmc-Ni3Ti) are established in 
our ab initio calculation, and they are determined to 
possess quite close formation enthalpies, i.e. −106.15 
and −106.97 kJ/mol, respectively. As shown in Table 3, 
the calculated lattice constants of the two stable phases 
are a=4.057 Å and a=5.745 Å, c=9.401 Å, consisting 
with those of the synthesized phases in experiment 
(a=3.99 Å and a=5.264 Å, c=9.213 Å) [27]. The found 
of the Mn5Si3-type Pt3Zr5 phase with three equivalent 
atom positions in one cell was first reported by BISWAS 
and SCHUBERT [32]. The coordination numbers of the 
hexagonal structure are 14, 15 and 11 for atoms Zr1, Zr2 
and Pt1, respectively. In our calculation, the lattice 
constants of Pt3Zr5 (Mn5Si3) are a=8.287 Å and c=5.416 
Å, with a formation enthalpy of −86.72 kJ/mol. For the 
Pt11Zr9 compound, PANDA and BAHN [33] reported that 
they prepared  a sample by annealing a cast sample at 
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1473 K for 1 h, which produced only diffraction lines of 
the tetragonal Pt11Zr9 structure (space group I4/m). In our 
calculation, the formation enthalpy of Pt11Zr9 compound 
with parameters of a=10.486 Å and c=6.856 Å, is much 
higher than that of other stable phases, indicating that 
some phase separation would occur at the composition of 
atom Pt−55% at low temperatures. Although there are 
rare reports on the Pt10Zr7 compound, it was selected as a 
stable phase in this study based on the research 
contribution by DWIGHT et al [27]. The Pt10Zr7 
compound possesses an orthorhombic crystal structure 
(Ni7Zr10-type), with calculated (experimental) lattice 
parameters of a=9.739 (9.613) Å, b=9.701 (9.612) Å and 
c=13.330 (13.087) Å, presenting a consistency. 
According to the calculated results, Pt10Zr7 (Ni7Zr10) is 
proved to be a stable phase at low temperatures, since the 
formation enthalpy is quite negative. For the Pt8Zr (Pt8Ti) 
compound, it was first found by KRAUTWASSER et al 
[31], but there have been seldom reports about it. 

Considering the relative thermodynamic stability of 
calculated phases, it is important to clarify whether 
high-energy phases are mechanically or dynamically 
stable in the bulk form. This issue can generally be 
assessed by analyzing single-crystal elastic constants. 
Basically in this study, by calculating the formation 
enthalpies as a function of appropriate lattice 
deformations, ab initio electronic-structure methods were 
used to compute single-crystal elastic constants, with the 
calculated results shown in Table 4. To obey actual 
situation to the great extent, the considered phases 
mainly include those Pt−Zr stable and hypothetical 
phases around the ground-state convex hull. 

The internal energy (E(V, {ε})) of a crystal under an 
infinitesimal strain ε, can be calculated as 
 

0
0( ,{ }) ( ,0)

2 ij i j
ij

V
E V E V C e eε L= + +∑            (1) 

 
where V0 is the volume of the original crystal with 
corresponding energy E(V0,0), Cij are the single-crystal 
elastic constants; ε={ei, ej, …} presents the members of 
strain tensor. 

The elastic constants of stable phases should obey 
the mechanical stability conditions based on the Born 
Standard [35]. For cubic lattice symmetry, there are three 
single-crystal elastic constants, C11, C12, and C44, and the 
mechanical stability conditions are C11>0, C12>0, C44>0, 
C11−C12>0. Basically, stable PtZr (Pm3m) and 
hypothetical PtZr3 (Fm3m) phases with cubic structure 
both satisfy the criteria of mechanically stability, as 
shown in Table 4. Similarly, the requirements of 
mechanical stability in a tetragonal crystal are: C11>0, 
C12>0, C13>0, C33>0, C44>0, C66>0, C11−C12>0, 
2C11+C33+2C12−4C13>0 and C11+C33−2C13>0 [36]. For 
the stable phases Pt11Zr9 (I4/m), Pt2Zr (I4/mmm) and 

Pt8Zr (I4/mmm), with tetragonal lattice symmetry, single- 
crystal elastic constants obey the above stability 
conditions. For hypothetical tetragonal phases, they 
satisfy the above conditions, indicating that any of these 
phases will be mechanically stable at intermediate 
compositions. 

The requirements of mechanical stability in a 
hexagonal crystal are: C11−C12>0, C11+C12+C33>0, 
(C11+C12)C33> 2

132C >0 and C44>0 [36]. The calculated 
phases, possessing hexagonal-structured lattice are all 
determined to be mechanically stable. For orthorhombic 
crystals, they all obey the mechanical stability conditions, 
except for two phases (Pt5Zr8 and Pt3Zr8 possess a 
negative C55 or C66), not satisfying the conditions: Cii>0 
(i=1−6), C11+C22−2C12>0, C11+C22+C33+2C12+2C13+ 
2C23>0 and C22+C33−2C23>0 [36]. Therefore, it is not 
mechanically stable for the hypothetical Pt5Zr8 (Pbam) 
and Pt3Zr8 (Pnma) phase, implying that it is unlikely that 
any of these phases will be mechanically unstable at 
intermediate compositions. According to the above 
analysis, the calculated phases mostly satisfy the criteria 
of mechanically stability, implying that it is unlikely that 
any of these phases will be mechanically unstable at 
intermediate compositions. 

Accordingly, the calculated formation enthalpies are 
plotted as a function of Pt content, as shown in Fig. 1(a). 
The ground-state convex hull, consisting of Zr 
(P63/mmc), Pt3Zr5 (Mn5Si3), PtZr (CrB), Pt10Zr7 (Ni7Zr10), 
Pt3Zr (Ni3Ti), Pt8Zr (Pt8Ti) and Pt ),3( mFm is 
asymmetric and skewed a little towards Pt side. These 
phases are energetically favored to be formed, but the 
other factors, such as structures and mechanical 
properties are not included. As reported, three stable 
compounds, Pt3Zr, PtZr and Pt3Zr5, possess different 
melting points of 2427, 2377 and 2000 K, respectively. 
The information presented in reference provides an 
certification for the fact that our calculated formation 
enthalpies of Pt3Zr and PtZr are quite close, and that of 
Pt3Zr5 is significantly higher than the other two. As 
thermodynamically predicted, an eutectic reaction would 
occur at the composition around Pt11Zr9, because of its 
high formation enthalpy far from the ground-state hull, 
i.e., a phase separation Pt11Zr9↔Pt3Zr5+PtZr is expected 
to be observed in experiment. For Pt10Zr7 compound, it 
possesses a little higher formation enthalpy (−113.74 
kJ/mol) than that of the most stable phase PtZr (CrB) 
(−115.10 kJ/mol), indicating that it is advantaged for 
Pt10Zr7 (Ni7Zr10) phase to be formed in thermodynamics. 
Actually, although there are rare reports on       
Pt10Zr7 (Ni7Zr10) compound, it has indeed been obtained 
early in 2007 [30]. Concerning the hypothetical 
compounds, it can be seen that the formation enthalpies 
of several phases are quite close to the ground-state 
convex hull as shown in Fig. 1(a). These compounds 



Xue BAI, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3704−3713 

 

3711
 

 
Fig. 1 Calculated structural properties of Pt−Zr compounds at 
zero temperature and pressure: (a) Formation enthalpy (ΔH);  
(b) Mean atomic volume (V) 
 
could thermodynamically be synthesized in practical 
experiment, and in contrary, those phases with extremely 
high formation enthalpies are hardly to be synthesized. It 
should be mentioned that some other researchers have 
also reported the ab initial calculated results of the Pt−Zr 
system. For example, XING et al [17] reported several 
calculated structures of PtZr compounds, and 
CURTAROLO et al [37] also presented a ground-state 
convex hull for the Pt−Zr system. The general trend of 
our results is similar with their data, despite there exist 
some differences in detail. 

In Fig. 1(b), the mean-volumes of phases close to 
the ground-state hull are presented as a function of Pt 
contents. The polygonal region shown in Fig. 1(b) is 
surrounded by Vegard Law line and an envelope 
connected by several stable phases (Pt−fcc, Pt8Zr−Pt8Ti, 
Pt3Zr5−Mn5Si3, Pt3Zr−Ni3Ti, Pt3Zr−Cu3Au and Zr−hcp). 
As shown in Fig. 1(b), most data locate in the region, and 
a greater deviation between the calculated results and 
Vegard Law line appears on the Pt side. Since the Pt−Zr 
system possesses high negative formation enthalpies, 
volume contractions can be aroused by alloying, forming 
the negative bias of volumes from Vegard Law, and the 
results are in coincidence with the data provided by 
STALICK and WATERSTRAT [30]. 

 
4 Correlations of formation enthalpy/bulk 

modulus and volume 
 

Based on the calculated results, the formation 
enthalpies are plotted as a function of differences 
between the calculated and ideal geometric atomic 
mean-volumes, as presented in Fig. 2(a). According to 
the calculated results of cell volume and atom numbers 
in unit cell, mean atomic volume can be obtained. In 
some extent, mean atomic volume can reflect average 
interatomic distance. To study the reflection of nonlinear 
relationship between interatomic force and distance, we 
focus on the two calculated property correlations: 1) 
formation enthalpy (ΔH) and volume difference (ΔV); 2) 
bulk modulus (B0) and mean atomic volume (V) for 
Pt−Zr compounds. As shown Fig. 2(a), the fitting line of 
the Pt−Zr system possesses a high slope and a low 
intercept, indicating that the increase of mean atomic 
volume can cause large elevation of formation enthalpy 
in some extent. From Fig. 2(a), it is also found that most 
points concentrated around (0, −50), indicating that 
negative formation enthalpy and contracted volume are 
advantaged factors for phase stability of Pt−Zr 
compounds. These two factors are not independent, i.e. 
volume reduction can induce formation enthalpy decline, 
and vice versa. Generally, over large volume increase or 
over high formation enthalpies would make it hardly for 
phases to be synthesized in structure and 
thermodynamics. Especially for stable compounds, the 
volume differences with respect to the ideal geometric 
atomic mean-volumes locate in a narrow region of −0.45 
to −1.20 Å3 (corresponding to 2.8%−7.5% and 
1.9%−5.1% with respect to Pt and Zr atomic 
mean-volume, respectively). Formation enthalpy and 
atomic volume are not independent, they are related to 
each other. Negative formation enthalpies and volume 
contraction can be favored for the formation of Pt−Zr 
compounds, and conversely, positive formation 
enthalpies and volume expansion would reduce the 
lattice stability of Pt−Zr compounds. Furthermore, 
volume contraction would bring the release of heat, 
which could be part of formation enthalpies, and 
simultaneously, larger formation enthalpies would draw 
atoms closer to each other, making atomic volume 
contracted. The reason of volume compressions can be 
resorted to the negative formation enthalpies and radius 
difference between Pt and Zr (15.1%). On one hand, 
different atoms tend to attract each other because of the 
interaction, directly making effective distances of atoms 
closer. On the other hand, atoms would become closer 
packed than that of ideally mechanical mixing due to size 
difference, leading to volume compressions of Pt−Zr 
compounds. 



Xue BAI, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3704−3713 

 

3712 

 

 
Fig. 2 Calculated property correlations of formation enthalpy 
(ΔH)−volume difference (ΔV) (a) and bulk modulus (B0)−mean 
atomic volume (V) (b) for Pt−Zr compounds 

 
Considering the relationship of internal structure 

and external property, the calculated bulk modulus are 
plotted as a function of mean atomic volume, as shown 
in Fig. 2(b). Based on mechanical stability, only 
compounds with low formation enthalpies are included 
in this section. As shown in Fig. 2(b), black blocks 
represent the data of stable Pt−Zr compounds, and 
hollow circle for hypothetical ones. The points of metals 
Pt and Zr locate at two ends of the data region for 
reference. By fitting these data, there is a linear 
relationship with a negative slop (−0.18272) between the 
two factors, and these calculated points distribute quite 
evenly on both sides of the fitting line. Simultaneously, it 
can be seen that R2 is 0.55518, presenting that the factors 
for the Pt−Zr system have good relationship. It’s briefly 
concluded that bulk modulus increases linearly with 
reducing mean atomic volume. The larger the volume 
contraction becomes, the closer the distance of two 
atoms would be, making the atomic repulsion stronger. 
From a physical point of view, bulk modulus reflects the 
isotropic resistance of the volume compressions, which 
is the macro performance of atomic repulsion. As 
reported by GRIMVALL [38] that the volume 
dependence of elastic properties is closely related to their 

pressure dependence for the metals. The ratio of elastic 
constants and pressure can be expressed as a constant 
related to the sound velocity and mass densities of the 
metals. Since the Pt−Zr compounds with different 
compositions possess similar properties, it is supposed 
that their ratio of bulk modulus and mean atomic volume 
are quite close, resulting in an approximately linearly 
correlation of bulk moduli and mean atomic volumes, as 
shown in Fig. 2(b). 
 
5 Conclusions 
 

1) The lattice constants, cohesive energies and 
elastic properties of 118 compounds in the Pt−Zr system 
were obtained by ab initio calculation. The ground-state 
convex hull was also derived from the calculated 
formation energies, providing a basis for further 
thermodynamic calculations and atomistic simulations. 

2) For these Pt−Zr compounds, a positive linear 
correlation between the formation enthalpies and atomic 
volumes, and a negative linear correlation between the 
bulk modules and atomic volumes were found. 
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第一性原理研究 Pt−Zr 系统中化合物的 
生成焓/体模量与原子体积的线性相关性 
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摘  要：通过第一性原理的计算方法，研究 118 种不同结构的 Pt−Zr 中间化合物，并选取相关的物理性能，如结

构稳定性、晶格常数、生成焓、弹性常数以及体模量等进行计算。根据计算得出的生成焓信息，绘制 Pt−Zr 系统

的基态能量曲线。计算得到的物理相关信息为未来的热力学计算和原子尺度模拟提供基础数据。在选取的 Pt−Zr
化合物中，存在两组线性相关关系：生成焓与原子体积成正线性相关，而体模量与原子体积成负线性相关关系。 
关键词：Pt−Zr 系统；热学性能；弹性性能；第一性原理计算；生成焓；体模量；原子体积 

 (Edited by Chao WANG) 


