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By means of a density functional theory approach, we calculated the structural stabilities, electronic struc-
ture, elastic constants, and vibrational properties of the compound TiPd,. The results indicate that the tetrag-
onal MoSi,-type (C11,) structure is unstable, whereas the orthorhombically distorted MoPt,-type (0l6) struc-
ture is the stable ground state phase. Thermodynamical properties such as enthalpies of formation, zero-point
energies, and temperature-dependent free energies were calculated. A phase transition from the orthorhombic
ground state to the C11, structure was derived for about 1000 K, in reasonable agreement with the most recent
experiment. According to our results, the tetragonal-to-orthorhombic structural transition is driven by vibra-

tional entropy.
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Ti-Pd intermetallic compounds are of interest for applica-
tions in engineering and medicine because of their mechani-
cal and structural shape memory properties.!~> Furthermore,
some of the compounds are of interest for the reversible stor-
age of hydrogen.* Ti,Pd is known for its hydrogen absorp-
tion capabilities,’ whereas for TiPd,, this property still needs
to be proven, as has recently been discussed for the corre-
sponding Zr compounds.®

In spite of its technological interest, the structural stability
of TiPd, is still under debate. Recent perturbed angular cor-
relation experiments by Wodniecki et al’ found an
orthorhombically distorted variant of the tetragonal C11,
structure which appeared in a wide temperature range from
24 to 1023 K. This result agrees with a rather early
investigation,® but is in contradiction to the latest Ti-Pd
phase diagram.? There, it is reported that TiPd, prefers the
C11, structure below 1553 K, whereas at higher tempera-
tures up to 1673 K, an orthorhombic variant gets stabilized.
Until now, the competition of the tetragonal C11, structure
with orthorhombically distorted variants is not understood,
and more detailed structural information (such as space
group and atomic sites) is missing. In addition, very little is
known about important material parameters, which, of
course, depend on the crystal structure. Because of this gen-
eral lack of information and the unresolved phase stability,
ab initio density functional calculations for TiPd, are cer-
tainly able to help fill this gap. Therefore, we performed such
investigations and derived structural stabilities, elastic con-
stants, and phonon dispersions, and we analyzed the elec-
tronic structure of relevant phases. The temperature depen-
dence of the structural stability was derived from the
vibrational free energy. On the basis of our results, we be-
lieve that the structural stability of TiPd, is now understood,
as we will elaborate in this Brief Report.

For the density functional theory (DFT) calculations, we
applied the Vienna ab initio simulation package'® (VASP)
with the projector augmented wave potential'’"'? construc-
tion. An energy cutoff of 400 eV was chosen. For the
exchange-correlation functional, the generalized gradient ap-
proximation of Perdew and Wang'? was taken. The Brillouin

zone integrations were performed for suitably large sets of k

1098-0121/2007/76(9)/092102(4)

092102-1

PACS number(s): 61.50.Ah, 61.50.Ks, 62.50.+p, 62.20.Qp

points according to Monkhorst and Pack.'* For geometry
optimizations and elastic constants, 11X 11X9 and
11 X 13X 9 meshes for C11, and 0l6, respectively, and for
the 54 atom supercells for phonon calculations, 3 X3 X3
meshes were applied. Optimization of structural parameters
(atomic positions and lattice parameters) was achieved by
minimization of forces and stress tensors. The phonon dis-
persions and phonon densities of states for both the tetrago-
nal C11; and orthorhombic 0/6 structures were calculated in
the framework of the direct method,'>-!¢ for which the force
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FIG. 1. (Color online) (a) The energy of distortion AE; (rela-
tive to the minima) of the tetragonal C11, TiPd, phase as a function
of b/a at its equilibrium volume. (b) Calculated temperature-
dependent energy differences AE,,. between the C11, and 0l6
structures: total free energy (AF), internal energy (AU including
enthalpies of formation and zero-point energies), and entropy
[-TA(S)] including DFT and phonon contributions. [(c) and (d)] Ab
initio phonon dispersion and phonon density of states [total PDOS
in unit of states/(THz f.u.); partial PDOS in unit of states/
(THz atom)] for the C11, and 0l6 structures of TiPd,.
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TABLE I. Structural parameters and enthalpies of formation AH
of TiPd,: ab initio predictions (this work) and experimental data.

a b c AH

Structure (A) (A) (A) (kJ/mol of atoms)
C40 4.833 6.885 -57.2
Cc49 3.569 12.609 4.115 -59.3
C11, 3.271 8.751 -60.8

3.242 8.48?
0l6 3.456 3.097 8.729 -61.6

3412 3.07% 8.56% -58.1+1.3b

#Reference 8.
PReference 25.

constants were derived by a supercell approach with VASP (as
in Ref. 17). Their elastic constants were calculated from total
energies as a function of suitably selected distortions (see
Refs. 17 and 18 for details).

In a first step, the lattice parameters and atom positions of
the tetragonal Cl11, structure were optimized. Then we
searched for possible ground state orthorhombic structures
for TiPd, by distortion of the ab plane of the equilibrium
C11,, unit cell, keeping both ¢ and volume fixed and simul-
taneously allowing all free atomic parameters to fully relax.
The energy of distortion as a function of the b/a ratio is
compiled in Fig. 1(a). The plot gives two important pieces of
information: (1) there is a maximum at b/a=1, indicating
that the tetragonal C11, phase is unstable against orthorhom-
bic deformation; (2) the curve has two equally deep minima
at b/a=0.891 and 1.124, respectively. In fact, these two
minima correspond to the identical orthorhombic structure
0l6 (MoPt, type, Immm, No. 71). Comparing to the tetrago-
nal C11, structure in Table I, the obtained 06 structure ex-
hibits two main differences: (1) a is not equal to b in 0l6,
and (2) the 4i site (0, 0, 0.3422) of Pd replaces the 4e site
(0, 0, 0.3431) in the C11, structure. Two other related struc-
tures (C40 and C49) were further considered. Among all
these structures, the 0I6 phase is still the lowest in energy
and C11, is the second most stable phase. It is worth empha-
sizing that all these phases are found to have almost the same
equilibrium volume. Table I demonstrates that the calculated
lattice constants are in good agreement with experiments,
which is particularly true for @ and b parameters. The ¢ pa-
rameter of the 0/6 phase is 2% and that of the tetragonal
C11, phase is 3% larger than experiment. We attributed this
deviation to the generalized gradient approximation to ex-
change and correlation that is known for its tendency to over-
estimate lattice parameters and also introduce inaccuracies in
relative lattice spacings.
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The calculated elastic constants of the low-energy C11,
and o0l6 phases are compiled in Table II. For both structures,
all elastic constants are positive; however, for the C11, struc-
ture, the linear combination c¢;;—c, amounts to —66.3 GPa.
This strongly negative value disobeys the stability criteria for
tetragonal structures?® and indicates spontaneous deforma-
tion toward an orthorhombic structure to lower the energy, as
has, indeed, been observed in Fig. 1(a). In contrast, the nine
independent elastic constants of the orthorhombic 06 struc-
ture (Table II) clearly obey the corresponding stability crite-
ria for orthorhombic lattices.>>>*

The computed phonon dispersions and the phonon densi-
ties of states (PDOS) of the C11, and oI6 phases at their
equilibrium volumes are shown in Figs. 1(c) and 1(d). For
tetragonal C11,, a mode with imaginary frequencies in a
small area of reciprocal space centered around point X is
observed, indicating a vibrational instability. On the other
hand, for orthorhombic 016, all phonon branches exhibit real
frequencies in the entire Brillouin zone, characteristic of a
vibrationally stable structure. As can be seen in Figs. 1(c)
and 1(d), the positive PDOS looks similar for C11, and ol6.
Three well separated bands can be distinguished. The modes
below 5 THz are mainly due to vibrations of Pd atoms. Vi-
brations of both Pd and Ti atoms contribute to the modes
between 5 and 6 THz. At high frequencies above 6 THz, the
spectrum is dominated by Ti atom vibrations.

Temperature-dependent thermodynamic functions were
derived from the total electronic energy (Uppp) and the
PDOS: (i) The zero-temperature enthalpy of formation was
calculated as the difference in total energies of the compound
and the constituent elements in their ground state phases:
AH=3[Uppr(TiPdy) = Uppr(Ti) —2Upgr(Pd)]."° The calcu-
lated enthalpy of formation of the most stable 0l6 phase is
—61.58 kJ (mol of atoms)~' (Table I), agreeing very well
with the measured calorimetric data® at 298 K
[-58.1+1.3 kJ (mol of atoms)~']. (ii) The zero-point ener-
gies Eg,;, as derived from the PDOS? are very similar,
amounting to 2.60 and 2.67 kJ (mol of atoms)~! for C11,
and 016, respectively, slightly reducing their structural en-
ergy difference to 0.80 kJ (mol of atoms)~! at 0 K. (iii) Fi-
nally, the temperature-dependent phonon free energy (F,),
internal energy, and entropy are derived from the
PDOS.!721:22 The contribution of the soft mode with imagi-
nary frequencies to the thermodynamic functions of the C11,
phase has been ignored. This contribution to the free energy
is expected to be quite small according to Ref. 26, because
the barrier of the double well responsible for the instability is
only 0.8 kJ (mol of atoms)~!, as illustrated in Fig. 1(a). For a
quantitative estimation of this error, we lifted the soft mode
at X into the real spectrum by manipulation of the force
constants related to this mode, thereby removing the imagi-

TABLE II. Calculated elastic constants (GPa) of TiPd,. The bulk moduli derived from the elastic constants are in good agreement with
the values (in parentheses) obtained from a fit to the energy-volume curves.

Phase c 2 13 €2 €23 €33 Ca4 Css Ce6 By
TiPd, (C11,) 128.8 195.1 121.4 221.4 72.0 99.7 150.5 (152.3)
TiPd, (0I6) 214.7 121.7 167.7 201.7 72.7 229.1 62.1 81.4 95.5 152.1 (153.3)
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nary frequencies. At 1000 K, the free energy was lowered by
less than 0.2 kJ (mol of atoms)~!, thus decreasing the transi-
tion temperature discussed below by about 150 K.

Combining these three contributions, the total
temperature-dependent free energy is expressed as F=AH
+Eq it Fpy- The difference between the total free energies
of C11; and 016 AF=F¢;,—F s is displayed in Fig. 1(b). A
structural phase transition occurs from o0l6, stable at low
temperatures, to C11, at the transition temperature 7,
~ 1100 K. Including the contribution of electronic excita-
tions via the Sommerfeld model based on the electronic den-
sity of states (DOS) at the Fermi level, the transition tem-
perature is reduced to about 1000 K. Our calculations
confirm a recent investigation using the perturbed angular
correlation technique,7 which revealed that an orthorhombic
distortion of the Cl11, structure exists in the temperature
range from 24 to 1023 K. The calculated phase transition
temperature is in reasonable agreement with the experimen-
tal value of about 1400 K.® considering the applied approxi-
mations (such as the harmonic approximation, the neglect of
soft modes, and thermal expansion). As illustrated in Fig.
1(b) by the decomposition into internal energy (AU=Ucy,
—U,ss) and entropy terms [~TAS==T(S¢;,~S,s)]. the en-
tropy always favors the C11, structure, whereas the internal
energy has only little impact on phase stability. Therefore,
vibrational entropies are by far the dominant contribution to
the structural free energy difference. The phase transition is
driven by the vibrational entropy.

Finally, we analyze the instability of the tetragonal struc-
ture with respect to orthorhombic distortions from the elec-
tronic structure point of view. The total electronic density of
states (EDOS) looks rather similar for both structures. Two
well separated Pd 4d and Ti 3d related parts can be distin-
guished. The lower lying fully occupied part of the EDOS is
dominated by 4d states of Pd atoms, whereas the higher ly-
ing part is mostly due to 3d states of the less electronegative
Ti atoms. The most significant differences in the electronic
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FIG. 2. (Color online) Comparison of the d,2_2 and d2 pro-
jected EDOS of Pd and Ti in C11, and ol4 phases of TiPd,.

structure of the C11, and 0l6 phases can be observed in the
d>_,» projected DOS of Pd, as is shown in Fig. 2(a). For the
Cl1 lyb case, the Fermi level E exactly resides in a peak with
a total DOS amounting to n(Er)=0.8 states eV~! atom™".
Distorting the tetragonal structure to the orthorhombic 0l6
structure reduces the total DOS at Fermi energy to n(Ep)
=0.5 states eV~! atom™!. Furthermore, the peak of the Pd
d_p-like DOS at Ep vanishes, implying increased elec-
tronic stability for the orthorhombic phase.

In summary, the phase stability of TiPd, as a function of
temperature is now understood. The low temperature ground
state phase is the orthorhombic 076 structure. It is elastically
and vibrationally stable, whereas the tetragonal C11, phase
is elastically unstable and exhibits a soft mode of imaginary
frequency at point X in reciprocal space. At high tempera-
tures above 1000 K, the vibrational entropy drives the tran-
sition from the orthorhombic ground state to the dynamically
stabilized tetragonal C11, phase.
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