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Thermodynamic Modeling of the Pt-Te and Pt-Sb-Te Systems
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The Pt-Te and the Pt-Sb-Te systems are modeled using the calculation of
phase diagram (CALPHAD) technique. In the Pt-Te system, the liquid phase
is modeled as (Pt, PtTe,, Te) using the associate model, and four intermedi-
ates, PtTey, PtyTes, PtsTe, and PtTe, are treated as stoichiometric compounds
and their enthalpies of formation are obtained by means of first-principles
calculations. The solution phases, fcc(Pt) and hex(Te), are described as sub-
stitutional solutions. Combined with the thermodynamic models of the liquid
phase in the Pt-Sb and Sb-Te systems in the literature, the liquid phase of the
Pt-Sb-Te ternary system is modeled as (Pt, Sb, Te, SboTes, PtTe,) also using
the associate model. The compounds, PtTe,, PtyTes, PtsTe, and PtTe in the Pt-
Te system and PtSby, PtSb, Pt3Sb, and Pt;Sb in the Pt-Sb system are treated
as line compounds Pt,,(Sb,Te),, in the Pt-Sb-Te system, and the compound
Pt5Sb is treated as (Pt,Sb)s5(Pt,Sb,Te). A set of self-consistent thermodynamic
parameters is obtained. Using these thermodynamic parameters, the
experimental Pt-Te phase diagram, the experimental heat capacities of PtTe
and PtTey, the enthalpies of formation from first-principles calculations for
PtTe,, PtoTes, PtsTe,, and PtTe, and the ternary isothermal sections at 873 K,
923 K, 1073 K and 1273 K are well reproduced.

Key words: Pt-Te system, Pt-Sb-Te system, thermodynamic properties,
CALPHAD technique, thermoelectric materials

INTRODUCTION

Platinum can be used as the plating of electrode-
position of SboTes thermoelectric materials, so the
interfacial phase equilibria among Pt, Sb and Te are
very important to obtain thin film thermoelectric
alloys.! Additionally, the platinum group elements
commonly form compounds with S, Sb, Te, As, Se,
Bi, Sn, Fe, Sb, Hg, Ni, Cu, etc., so most of the
platinum group minerals exhibit complex composi-
tions.? Because of the existence of platinum anti-
monides and tellurides in nature, the phase
relationships in the Pt-Sb-Te system are very
important for mineralogists.®

In this study, the phase diagram of the Pt-Te
binary system and the isothermal sections of the
Pt-Sb-Te ternary system at 873, 923, 1073 and

(Received October 15, 2014; accepted January 27, 2015;
published online February 24, 2015)

2638

1273 K are critically evaluated and the thermody-
namic parameters for each phase of the systems are
optimized in order to obtain complete phase equi-
libria information.

LITERATURE INFORMATION
Pt-Te System

The partial phase diagram between Pt and PtTe,
was first determined by Gimpl et al.* Two inter-
mediate compounds, PtTe and PtTey, were reported.
But the liquidus between PtTe,; and hex(Te) was not
mentioned. Bhan et al.® measured the Pt-Te phase
diagram, and four compounds, PtTe, PtTes, PtsTe,
and Pt,Tes, were determined. However, the liquidus
between PtTes; and hex(Te) was still shown as a
dashed line.

In order to confirm the existence of the above
compounds and liquidus between PtTe, and Te, Kim®
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re-investigated the Pt-Te system by reflected light
microscopy, x-ray diffraction (XRD), and electron
probe microanalysis (EPMA). Four compounds,
PtTe, PtsTe,, PtoTes and PtTe,, were confirmed, and
the solid solubilities of Te in fce(Pt) and Pt in hex(Te)
were less than 0.5 at.%. Two eutectic reactions,
liquid — PtTe + fce(Pt) at 1143 K and liquid —
PtTey + hex(Te) at 722 K, and two peritectic reac-
tions, liquid + PtTe; — Pt3Tes at > 1273 K and
liquid +PtsTe, — PtTe at 1208 K, and one peritec-
toid reaction, PtsTes + PtTes — PtoTes between
923 K and 973 K, were recommended.

The enthalpies of formation of PtTe and Pt Teg
were given by Karzhavin’ by means of the com-
parative methods. Grgnvold et al.® and Westrum
et al.” determined the heat capacities of PtTe and
PtTes by means of calorimeter.

Sb-Te System

The Sb-Te system was optimized by Ghosh et al.*°
using the ionic model for liquid and by Guo et al.'*
using both the ionic model and the associate model
for liquid. The thermodynamic parameters obtained
by Guo et al.'' were used in the present work
because the latest pure element Gibbs energies of Sb
and Te were used. Figure 1 presents the calculated
Sb-Te phase diagram using the thermodynamic
parameters of Ref. 11, in which liquid was described
using the associate model (Sb, SbyTes, Te).

Pt-Sb System

The Pt-Sb system was optimized by Liu et a
and Guo et al.™® In order to keep the thermodynamic
parameters consistent, the optimized thermody-
namic parameters of Ref. 13 were adopted in the
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Fig. 1. Calculated Sb-Te phase diagram using the thermodynamic
parameters in Ref. 11.
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present work. Figure 2 shows the calculated Pt-Sb
phase diagram.

Pt-Sb-Te System

The isothermal section of the Pt-Sbh-Te system at
923 K was first determined by El-Boragy and
Schubert,'* and no ternary compound was found.

The phase relationships at 873 K, 1073 K and
1273 K were studied by Kim and Chao in 1990.'°
Later on, the isothermal sections at 873 K, 1073 K
and 1273 K were reported by Kim,>'%17 respectively,
which were almost the same as the results of Ref. 15.

THERMODYNAMIC MODEL

The Gibbs energy functions for the unary phases
of elements Pt, Sb and Te are taken from the Sci-
entific Group Thermodata Europe (SGTE) database
of pure elements.'®

Pt-Te System

In the Pt-Te system, the liquidus in the left and
right sides of the compound PtTe, is very asym-
metric, and it is hard to obtain such asymmetric
liquidus using the substitution model (Pt, Te) for
liquid. Since Te and Pt are always anion and cation,
respectively, in the compounds, the ionic model for
liquid is appropriate in the Pt-Te system. However,
Pt can form Pt*2, Pt*, or Pt*®, which will make the
ionic model complicated. In the present work, the
associate model (Pt, PtTe,, Te) is used to describe
the liquid instead of the ionic model. The molar
Gibbs energy is expressed as follows:
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Fig. 2. Calculated Pt-Sb phase diagram using the thermodynamic
parameters in Ref. 13.
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. o _ .
G =aep G (T) + xme G (T) + epire, Gl (T)
+ RT (xpt In xpy + xpe In 20

+ XpTe, IN XpyTe,) + EG,
(1)

where xpy, x1. and xp¢re, are the mole fractions of the
pure elements Pt, Te and the associate PtTe,,
respectively. Glf,‘tl‘“ and G}r“gu‘d are the Gibbs
energies of Pt and Te from the SGTE pure elements
database'® and GE‘E&‘: is the Gibbs energy of the
associate PtTe, in liquid.ZG,, is the excess Gibbs

energy of liquid and is expressed as Eq. 2.

E . ,
Gm = XPptXTe E JLPt,Te (xpt — .')CTe)]
J

) J
+ XPtXPtTe, ZJLPnPtTeZ (2xpt — thTeg) (2)
J

i J
+ XPtTe,XTe E J LptTeZ,Te (XPtTe, — XTe) -
J

The solution phases, fcc(Pt) and hex(Te), are
described using the substitutional solution model,
and the molar Gibbs energies are modeled as:

G4 (T)=xpi Gy (T) + x1e G (T)

B 3)
+ RT (xp In xpy + 2pe In 201 ) + G,‘f.b,

where £GY is the excess Gibbs energy and is
expressed by the Redlich—Kister polynomial,

EGY = xpyxre Zj Lfit.Te (xpg — X7e) - (4)
J

/L in Eqgs. 2 and 4 is the interaction parameter for
liquid, fee(Pt) and hex(Te), and is expressed as the
following equation:

'L =a;+bT, (5)

where a; and b; are the parameters to be optimized
in the present work.

The intermetallic compounds Pt3Te, and PtyTes
in the Pt-Te system are treated as stoichiometric
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compounds in the present work. Due to a lack of
experimental heat capacity data, the molar Gibbs
energy of Pt,,Te, is expressed as:

G = mGHSERp; + nGHSERr. + AG, "™, (6)

where AG?tmTe" is the Gibbs energy of formation of
compounds and is expressed as following:

AG}’tmTen =a+0bT, (7

where a and b are the parameters to be optimized
according to the enthalpy of formation obtained
from first-principles calculations in the present
work and the experimental phase relationships in
Refs. 4-6.

For the intermetallic compounds PtTe and
PtTe,, the heat capacity data are available from
literature.”® These two compounds are also
treated as stoichiometric compounds in the pre-
sent work, while each of the Gibbs energy
functions is described as a two-piecewise polyno-
mial with the high and the low temperature parts
according to the experimental heat capacity
data.

Taking PtTe as an example, the Gibbs energy
function is divided into two parts. Considering the
experimental heat capacity data of Grgnvold et al.,®
the Gibbs energy functions are expressed as follows:

0<T<80 K

(8
G2 — o + bT + ¢T° +dT*,

T>80K
GETe = ¢ + fT + gTIn(T) + hT? + mT ' +nT?,
9

where a, b, ¢, d, e, f, g, h, m and n are the
parameters to be optimized according to the
experimental heat capacity and phase relationships.
During the process of optimization, the following
conditions between the high and the low tem-
perature parts, GIY°=¢GEYe, HEe PtTe

m2
PtTe __ oPtTe PtTe __ PtTe dCpm1 _ dCppe
Sml - Sm2 ’ Cpml - Cpm2 and dT — dT >

should be met when T equals 80 K.

Table I. Space groups (SG), atoms per primitive cell, and k-point meshes used for first-principles
calculations of Pt, Te, PtTe, Pt;Te,, Pt;Tes;, and PtTe, along with the calculated equilibrium volumes
(A%atom) at 0 K using PBE exchange-correlation functionals and experimental data

Material SG Atoms k-mesh

Pt Fm3m 4 16 x 16 x 16
Te P3,21 3 16 x 16 x 16
PtTe C2/m 8 10 x 16 x 10
PtsTey C2/m 14 10 x 16 x 6
PtyTes C2/m 20 9x15 x4
PtTe, P3m1 3 19 x 19 x 12

Experimental
E, (ev/cell) PBE volume (A%/atom)

—24.412 15.5927 15.09%!

—9.426 34.8087 33.6897%2
—39.715 23.8074 22.3875°
—67.028 24.5621 23.292916
—94.173 25.0268 23.34516
—13.572 25.8098 23.6667%3
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Table II. Thermodynamic parameters in the Pt-Sb-Te system?
Phase Thermodynamic parameters Ref.
liquid Model.SPt, Sb, Te, SboTes, PtTes):
LR = —169878.6 + 44.8959T 13
LLp = —50982.5 + 9.1148T 13
Gy, = 0.4GLIQg;,+0.6GLIQy, — 20557.0 + 15.6503T 11
liquid
L& o = +8348.8 — 1.8429T 11
LGN e = +1179.4 — 3.5931T 11
liquid
LM 1., = +8559.3 — 3.6932T 11
LGNS 1, = —4703.8 + 9.8773T 11
Gpid = 0.333GLIQp;+0.667GLIQr, — 31029.9 + 4.6984T This work
liquid .
OLpibire, = —26718.2 4 12.0857T This work
LS., = +7740.0 This work
OLpied 1o = +18086.5 — 2.3028T This work
liquid .
1LP‘ET82"T€ = 1+4165.6 This work
liquid .
OLpbire, sp = —50000.0 This work
L o e, = +20000.0 This work
hex(Te) Model (Pt, Sb, Te);
G(hex,Pt;0) = GHSERp; + 5000.0 This work
G(hex,Sb;0) = GHSERg;, + 5000.0 This work
fee(Pt) Model (Pt, Sb, Te);(Va);
G(fce, Te;0) = GHSERT, + 5000.0
OLfe, = —13004.2 + 60.7336T 13
1L = —222530.2 13
OLfec = 135966.7 This work
LLfse, = +52726.7 This work
rhom(Sb) Model (Pt, Sb, Te);
G(rhom,Pt;0) = GHSERp; + 5000.0 13
G(rhom,Te;0) = GHSERT, + 5000.0 11
OLgom = —4000.0 11
Pt;Sb Model Pt(Sh,Te)
GrS® = TGHSERp, + GHSERg;, — 150253.0 + 26.8127T 13
GRis = GRUe + TGHSERp+40000.0 This work
PtsSb Model (Pt,Sb)s (Pt,Sb,Te)
GiS? = 5GHSERp, + GHSERg), — 126606.3 + 28.7544T 13
Gpis = 6GHSERp;+30000.0 13
GE5> = 6GHSERg, +30000.0 13
Sb Sb Sb Sb
Ggepe = Goiet + Gaige — Goesy 13
LpiSp, = "Lbrsng, = —558341.2 13
"Lpysvpe = 'Lpcsnp = +190567.2 13
*Ligpess = "Lsipesy = —111626.8 13
Gpizh = GRthe + AGHSERp;+30000.0 This work
GESb = 1.667GSM + 4.333GHSERg;,+30000.0 This work
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Table II. continued
Phase Thermodynamic parameters Ref.
PtsSb Model Pt5(Sb,Te)
GiS? = 3GHSERp, + GHSERg), — 104971.6 + 8.4047T 13
G =GR + 2GHSERp+20000.0 This work
Pt3Sh, Model Pts(Sb,Te),
GhuS™ — 3GHSERp, + 2GHSERg, — 174658.4 + 10.8848T 13
Gz = 2GETe + GHSERp;+25000.0 This work
OLpeers, = —11552.7 This work
PtSb Model Pt(Sh,Te)
Ghh = GHSERp; + GHSERg, — 81220.5 + 6.8230T 13
GES = GETe +10000.0 This work
LB o = +33456.1 — 36.1949T This work
PtSb, Model Pt(Sb,Te),
GhiS — GHSERp, + 2GHSERg), — 149612.0 — 21.4560T This work
+7.078251T In(T)
GEES%’S = ng:q:re; +15000.0 This work
0Lt 1 5751+0.6441T This work
1Lk = -19263.8
SbZTe3 Model Sb0.4TeO,6
0< T< 60
0GSeTes — —17961.5602 — 3.27284441T + 0.02941559537T2 "
—0.00185310048T2 + 7.92008333 x 1067
60 < T < 1000
0GSPTes — _19376.6 + 106.2655T — 22.57537T In(T') — 4.87264934 "
x1073T2 4 3.62456157 x 107 "T? 4 12931.1094T !
gamma Model Sbg 4(Sb,Te)o ¢
0GETM® = GHSERs), + 1460.0 — 0.49007T 11
GEme" = "Ggyne’ +872.2 11
OLET, = —2835.6 + 9.3216T 11
L&, = +10593.5 — 10.1425T 11
delta Model Sby 4(Sb,Te)q 6
0Gd!ta — GHSERg;, + 1070.0 — 0.36007 11
OGE. = "Gan, + 14714 11
OLdlta . = —6394.9 + 12.1759T 11
LEE 1. = +1425.0 + 0.9063T 11
ZLgeblztSab,Te = —2243.2 11
PtTe Model Pt (Sb,Te)
0< T< 80
GhtTe = —72630.0 — 11.5638T — 0.0017000286T° + 5.3633 x 1067 This work
T >80
GETe — —76497.4 + 223.2802T — 45.9684213T In(T) — 0.00975528427T* Thi .
1S Wor
148436.7206T ! + 1.66216155 x 10767
Ghte = GE¥ 1+30000.0 This work
Lt 1o = —1271.7 + 5.5585T This work
'Lpts e = +31473.3 This work
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Table II. continued

Phase Thermodynamic parameters Ref.
Pt3Te4 Model Pt3 (Sb,Te)4
Gpird* = 3GHSERp, + 4GHSERf, — 247457.0 + 10.70647T This work
Gpiat = 2G28% +Ghitr +35000.0 This work
OLpeis e = —56934.2 + 88.5995T This work
PtzTeg Model Ptz (Sb,Te)3
G = 2GHSERp, + 3GHSERy, — 184917.0 + 10.7101T This work
Gpiay® = GYIh +Ghis +25000.0 This work
OLpiach, = —24840.3 + 37.11127T This work
PtTe, Model Pt (Sb,Te),
0<T< 80
GETe: — _134749.3 — 13.4795T — 0.00274613806T° + 8.4700 x 10-6T* This work
T >80
GETer — —140469.4 + 337.4973T — 68.8581519T In(T) — 0.0172150206T> ,
: . 63 This work
+7.737.708T " + 3.06779819 x 10~°T
Gk = Gpi? +15000.0 This work
OLptsipe = —28401.5 + 27.6216T This work
Lpesep, = —6724.3 This work
Tn J mol ! of the formula units.
Table III. Invariant reactions in the Pt-Te system
Present work Kim®
T (K) x(Te) T (K) x(Te)
Reaction — -
liquid — fec(Pt) + PtTe 1146 0.3630 - - 1143 0.400
liquid + Pt3Tey, — PtTe 1208 0.4342 - - 1208 - - -
liquid + PtTe; — Pt3Tey 1290 0.5208 - - >1273 0.164 - -
liquid — PtTeq 1423 0.6667 - - 1423 0.667 - -
PtTe; + Pt3Tey — PtyTes 954 - - - 923-973 - - -
liquid — PtTes + hex(Te) 720 0.9957 - - 722 1.000 - -
Pt-Sb-Te System liquid liquid liquid
. (T =xp G T G T
In the Pt-Sb-Te system, there are four solution G (T)=m G 1_( _3 2 Gg, 1.) N
phases: liquid, fec(Pt), hex(Te), and rhom(Sbl)é + 217G (T') + xpiTe, Gpire, (1)
Combining the model of liquid in the Pt-Sb, liquid
Sb-Te!! and Pt-Te systems, the liquid phase in the + 2y Te; Gy, e, (T) + BT (xpe Inxpy
Pt-Sb-Te system 1s‘treated as (Pfc, PtTez,‘ Sb, SbyTes, + xgp In xgp + 216 IN X6 + XpiTe, 1N XpiTe,
Te). The molar Gibbs energy is described by the E Aliquid
following expression: + XSy Tes INXgbyTe;) + 7 G,

(10)
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where xpg, Xsh, XPtTey> XShoTe; and xre are the mole
fractions of Pt, Sb, PtTe,, SboTes and Te, respec-
tively; £Glauid jg the excess Gibbs energy composed
of binary and ternary excess Gibbs energies and is
expressed by the Redlich—Kister polynomial,

E liquid _ i liquid J
G = xpiasp ZJLPt,Sb (xpt — Xsp)
J

i 1 liquid j
+ XgpXshyTe; D Lgp o, Te, (XSb — XSbyTes

J

j7 liquid ;
+ XShyTes XTe E Ly Te, e (XSbyTes — %Te )’
J

i1 liquid j
+ XPtXPtTe, E JLPt,PtTeZ (xpt — XptTe, )
J

i 7 liquid j
+ XPtTe,XTe g JLPtT627Te(thTe2 - xTe)]
J

07 liquid

+ thTEZbezTeg LPtTeg‘Sb2T63
07 liquid

+ XPtXPtTe,XSh LPt,PtTez,Sb’

(11)

where ng(t"élg is the binary interaction parameter
between elements Pt and Sb in liquid in the Pt-Sb
system;'3 ngglgg e, and leslgzur}‘(l 1. are the interac-
ti({irluigarametéﬁis2u?§' liquid n tTle_ Sb-Te system;'!
JLPE.PtT.% and JLPE‘TeZ’Te are interaction parameters of
liquid in the Pt-Te syst(%m,dwhlch are to tl)_e Q(anlzed
in the present work. _0L§g¥;278b2T6 and OLlig‘uP}tT%Sb_are
the ternary interaction parame?;ers to be optimized
according to the phase eq7uilibria of liquid at different
isothermal sections.%!

The solution phases fec(Pt), hex(Te), and
rhom(Sb) are treated as a substitutional solid solu-
tion, and the expression of the molar Gibbs energy is
similar to Eq. (2) in Ref. 13.

The compounds, PtTe,, PtyTes, PtsTe, and PtTe
in the Pt-Te system and PtSbs, PtSb, Pt3Sby and
Pt;Sb in the Pt-Sb system, with a solid solubility of
the third elements, are treated as line compounds
Pt,,(Sb,Te),,. The molar Gibbs energy of each of

these compounds is expressed as follows,
Gy, = ySbG%)’t:Sb +3’TeG§et;Te
+ nRT (ysp Inysp + yre In yre) (12)

i J
+ YsbYTe Z’ LspmeYsb — Y1e)
J
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The compound Pt5Sb with a homogeneity range in
the Pt-Sb system was treated as (Pt,Sb)s(Pt,Sb) by a
two-sublattice model'®?° in Ref. 13 The solubility of
Te in Pt5Sb is about ~1 at.%,® and it is described as
(Pt%,Sb)5(Pt,Sb%,Te) in the Pt-Sb-Te system.

ASSESSMENT PROCEDURE

In order to model the Pt-Sb-Te system, the ther-
modynamic parameters of the Pt-Sb, Sb-Te, and
Pt-Te binary systems should be obtained. Those of
the Sb-Te and Pt-Sb systems are taken from Refs.
11 and 13, respectively, and the calculated Sb-Te
and Pt-Sb phase diagrams are shown in Figs. 1 and
2. Due to the lack of experimental measurements
for PtyTes and PtsTes in the Pt-Te system, the
enthalpies of the formation of Pt;Tes and PtsTey, as
well as PtTes; and PtTe, are calculated in the pre-
sent work by means of first-principles calculations.
The process of obtaining enthalpies of formation of
compounds using first-principles calculations is
described in Ref. 13.
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Fig. 3. Calculated Pt-Te phase diagram in comparison with the
experimental data®.
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Fig. 4. Calculated thermochemical properties of PtTe with the experimental data.® (a) Cp, (b) S-Sy, (c) H-Ho.

The space group, atoms per primitive cell, and the
k-point mesh used for Pt, Te, PtTe,, PtoTes, PtsTey
and PtTe, and the latest experimental lattice
parameters® 21723 gre listed in Table I.

The optimization is carried out by means of the
optimization module PARROT of the thermody-
namic software Thermo-Calc,?* which can handle

various kinds of experimental data. Before opti-
mizing the Pt-Sb-Te ternary system, the Pt-Te sys-
tem is optimized based on the experimental data in
Refs. 4-6.

During the optimization procedure, the
experimental data of the Pt-Te phase diagram in
Ref. 6 is given a larger weight. The experimental
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Fig. 5. Calculated thermochemical properties of PtTe, with the experimental data.® (a) Cp, (b) S-So, (c) H-Ho.

heat capacities measured by Grgnvold et al.® and
Westrum et al.” are used to optimize the thermo-
dynamic parameters of PtTe and PtTe,, respective-
ly. As for the formation enthalpies of compounds in
the Pt-Te system, the values calculated from first-
principles calculations are used as the starting
values at the beginning of the optimization. Then,

thermodynamic parameters of compounds are opti-
mized to fit the experimental phase equilibria.*®
As for the Pt-Sb-Te ternary system, three isother-
mal sections at 873 K,? 1073 K'® and 1273'" K are
given larger weight during the optimization,
while the part between 0 at.% and 33 at.% Pt
of the isothermal section at 923 K is not considered
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in the present work because its phase relation-
ships in the Sb-Te binary terminal adopted by
El-Boragy and Schubert'* is inconsistent with the
phase diagram assessed by Ghosh et al.'® and Guo
etal.t

The thermodynamic descriptions of liquid,
fee(Pt), rhom(Sb) and hex(Te) in the Pt-Sb-Te
system are obtained by combining the correspond-
ing Gibbs energy functions from the assessments
of the binary systems using Muggianu interpo-
lation for excess téerms.25 In thelpr%sent work, the
coefficients OLﬁgﬂz,Sb p, and OLPI’g,uPlpTez,Sb. are opti-
mized on the basis of the phase relationships related
to liguid in isothermal sections determined by
Kim. 51617

For the compounds PtTey, PtoTes, PtsTey, PtTe,
PtSbs, PtSb, Pt3Shs, PtsSb and Pt;Sb in the Pt-Sh-
Te system, the thermodynamic parameters are op-
timized according to the experimental data.®*16:
The assessment procedure is similar to that for
treating the C40 compound in Ref. 26.

RESULTS AND DISCUSSIONS

Figures 1 and 2 are the calculated Sb-Te and
Pt-Sb phase diagrams using the thermodynamic
parameters from Refs. 11 and 13, respectively.

The thermodynamic parameters of the Pt-Te and
Pt-Sb-Te systems obtained in the present work are
shown in Table II. The liquid phase is described
using the associate model. Table III shows the cal-
culated invariant reactions in the Pt-Te system. It
can be seen by comparison that the experimental
temperatures and compositions for the invariant
reactions are well reproduced.

Figure 3 is the calculated Pt-Te phase diagram
using the present thermodynamic parameters,
which is basically consistent with the experimental
data.® Figures 4a—c and 5a—c show the calculated
Cp, S-Sp and H-H, of PtTe and PtTe,, respectively,
in comparison with the experimental data.®® As
shown in Figs. 4 and 5, the calculated results are
consistent with the experimental data. Figure 6
shows the calculated enthalpies of the formation of
the compounds PtTe,, PtyTes, PtsTey, and PtTe in
comparison with the values from first-principles
calculations and the calculated value from Ref. 7. In
Fig. 6, the values from the first-principles calcula-
tions are reproduced well.

Figure 7a—d are the calculated isothermal sections
at 873, 923, 1073 and 1273 K, respectively. Com-
paring the three-phase region PtSb + PtSby + PtTe,

2647

at 873, 923, 1073 and 1273 K, the experimental
equilibrium compositions of PtSby at 923, 1073 and
1273 K are more reasonable than the one at 873 K
when PtSb, is treated as a linear compound. There-
fore, two experimental alloys with the compositions
0f 39.97 Pt + 55.03 Sb + 5.00 Te and 40.03 Pt + 49.98
Sb + 9.98 Te (at.%)® are not included in the three-
phase region of PtSb + PtSby, + PtTe, at 873 K. The
other two Te-rich experimental data with the com-
positions of 37.00 Pt + 57.00 Te + 6.00 Sb and 20.00
Pt + 19.99 Sb + 60.01 Te (at.%) are not included in
the three-phase regions of PtSbs + PtTes; + PtyTes
and PtSby + PtTey + liquid at 873 K, respectively. If
these two experimental data are reproduced in the
calculated results, several four-phase invariant
reactions would occur at about 673 K. Considering
that the solid state phase transformation is very
difficult at low temperature due to the low atomic
diffusion ability, the above two experimental data
are not reproduced in the present work in order to
make sure that the phase relationships in the tem-
perature range between 300 K and 873 K are
unchanged.

Figure 8 is the predicted liquidus projection of the
Pt-Sb-Te system. As shown in Fig. 8a, the liquidus

0 1 1 I 1 I 1 1 1 |
o Karzhavin, 2007
a first principles calculations

-25 -
-30 L

35 L

Enthalpy of formation, kdJ/mole of atoms

-40 4 L

-45

T T T T T T T T
02 03 04 05 06 07 08 09 10
Mole fraction Tenium Te

T
0 0.1
Pt

Fig. 6. Calculated enthalpy of formation in the Pt-Te system at
298 K in comparison with the calculated results of Karzhavin” and
from first-principles calculations in the present work.
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Kim, 1997 (b) Pt

. 1.0
o Single phase fcc(Pt
o Two phases
a Three phases

El-Boragy and Schubert, 1971

o Two phases
a Three phases

Sob%om(s&))o-2 " o4 Sb2Tesp7 08 09 10Te sb 0 0.2 04 06 08 10Te
Mole fraction Tenium Mole fraction Tenium
C d Pt
© Kim, 1999 @ 0 Kfee(PY Kim, 2001
¢ Single phase e Single phase
o Two phases o Two phases
o@ s Three phases a Three phases

liquid
14
0 VAN N N
Sbo 0.2 0.4 0.6 0.8 10Te Sbo 0.2 04 0.6 0.8 10Te
Mole fraction Tenium Mole fraction Tenium

Fig. 7. Calculated isothermal sections of the Pt-Sb-Te system using the present thermodynamic description. (a) 873 K with the experimental
data from Ref. 3, (b) 923 K with the experimental data from Ref. 14, (c) 1073 K with the experimental data from Ref. 16, (d) 1273 K with the

experimental data from Ref. 17.

surface of PtyTes occurs in the liquidus projection isothermal section at 1073 K. Table IV shows
because PtyTes becomes stable at high temperature the predicted invariant reactions in the Pt-Sb-Te

with the addition of Sb, which can be seen in the system.
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PtSb2

Mole fraction Platnium
o
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(=}
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SbaTes

hex(Te)

— Un
rhom(Sb)

Us 0
T T T T T T T
Sb o 0.2 0.4 0.6 0.8 10Te 0 01 02 03 04 05 06 07 08 09 10

Mole fraction Tenium Mole fraction Tenium
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0.70

Pt3Tes

Pt3Sh2

0.65
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0.60
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Mole fraction Tenium

Fig. 8. (a) Predicted liquidus projection of the Pt-Sb-Te system using the present thermodynamic description. (b) Enlarged section of (a) in the
rich Sb-Te side, (c) Enlarged section of (a) in the rich Pt-Sb side.

CONCLUSIONS thermodynamic parameters describing the Gibbs
The phase relationships of the Pt-Te and Pt-Sb-Te energies of individual phases in the Pt-Sb-Te system

systems, thermodynamic parameters Cp, S-So, and as the functions of composition and temperature is
H-H, o’f PtTe and PtTe, are critically’ opti(l);lize d obtained. With the present optimized parameters,

on the basis of the experimental information avail- various thermodynamic  calculations of practical
able in the literature. A set of self-consistent interest can be made.
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Table IV. Invariant reactions in the Pt-Sb-Te system

Present work

Reaction Type T (K) x(Pt) x(Sb) x(Te)
liquid + PtTey + PtSh, C: 1354 0.3361 0.2689 0.4005
liquid + PtSby + SbyTes Cso 890 0.0043 0.4013 0.5944
liquid + PtSb, + delta Cs 817 0.0010 0.7049 0.2942
liquid + Pt3Te, + PtTe; — PtyoTes Pq 1230 0.6006 0.1982 0.2012
liquid + PtSby — PtSb + PtTe, U, 1246 0.5232 0.3361 0.1407
liquid + PtTe; — Pt,Tes + PtSb U, 989 0.6658 0.3045 0.0297
liquid +fcc — PtTe + Pt5Sb Us; 982 0.7187 0.2525 0.0288
liquid + PtSb — PtyTes + Pt3Shy U, 976 0.6687 0.3042 0.0270
liquid + PtyTes; — Pt3Sby + Pt3Tey Us 947 0.6835 0.2942 0.0223
liquid + PtsSb — PtTe +Pt3Sb Us 931 0.7104 0.2700 0.0196
liquid + PtTe — Pt3Tey + Pt3Sb U, 914 0.6991 0.2834 0.0175
liquid + Pt3Te, — Pt3Sb + Pt3Sby Usg 913 0.6978 0.2851 0.0172
liquid + PtSby — PtTeg + SbyTes Uy 872 0.0068 0.3035 0.6897
liquid + SbyTe; — PtSby + Gamma Uio 831 0.0011 0.5933 0.4056
liquid +rhom(Sb) — PtSb, +delta U 821 0.0011 0.7561 0.2428
liquid + gamma — PtSb, + delta Ui 820 0.0010 0.6556 0.3434
liquid — PtTes; +SbyTes + hex(Te) E; 687 0.0024 0.0726 0.9250
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