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Crystal structures of Ti under high pressure: Theory
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The crystal structures of a few phases of Ti such as hcp, bcc,v ~hexagonal phase! g ~distorted hcp!, d
~distorted bcc!, and bcc under pressure have been studied by means of first-principles total-energy calculations
in a generalized gradient approximation. Our calculations are different from calculations by Joshiet al. @Phys.
Rev. B 65, 052106~2002!# in that we have performed the full geometry optimization for hcp,v,g, and d
phases at each volume considered. The experimental phase sequence hcp→v→g→d has been obtained,
though our 0-K transition pressures are little lower than the experimental ones obtained at 300 K. The phase
transitiond→bcc was obtained at 136 GPa in contradiction to the experimental stability ofd phase up to the
highest studied pressure 216 GPa. Our calculations have also shown that at the pressures higher than 170 GPa,
the d phase’ parameters change in such a manner that structure obtained is bcc. This fact suggests that thed
structure observed in experiments at pressures 170 GPa and higher maybe is a consequence of nonhydrostatic
stresses present in the experiments. Similar conclusion has been reached in the above-mentioned work by Joshi
et al.
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Group IV transition metals titanium, zirconium, hafnium
and their alloys have tremendous scientific and technolog
interest. The implication of these materials in scientific a
stems from the fact that they have a narrowd band in the
midst of a broadsp band, which has an impact on the
electronic and superconducting properties. The electro
transfer between the broadsp band and the narrowd band is
the driving force behind many structural and electronic tr
sitions in these materials.1–4 The technological interest in
these materials is connected with their high strength, li
weight, and corrosion resistance. The mechanical prope
of these metals and alloys can be greatly improved by c
trolling the crystallographic phases present. Pressure
very important variable in causing phase transformations
these elements.

It is well known that the titanium group of elements a
have the hcp crystal structure at room temperature and
pressure. At high-temperature and zero pressure, they tr

FIG. 1. Calculated energy differences of the structures with
spect to the bcc phase as a function of volume.
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form to the bcc structure before reaching the melting te
perature. At room temperature and under pressure, they
dergo a crystallographic phase change into the so-callev
structure. At even higher pressures, both Zr and Hf have b
observed to transform to the bcc structure. In Ti, vario
room-temperature experiments have shown a transition f
hcp to thev phase at the pressure of 11.9 GPa,5 2–7 GPa,6

2.9–7.5 GPa,7 8 GPa,8,9 9 GPa,10 or 7.4 GPa.11,12 The v
phase has an interesting crystal structure, a hexagonal la
with three atoms per unit cell. The atomic positions are

(0,0,0), (13 , 2
3 ,c/2a), and (23 , 1

3 ,c/2a), where thec/a ratio is
;0.62. Thus, the symmetry of the crystal is high and th
are 24 point-group operations. Thev phase has remaine
stable up to 87 GPa, the highest studied pressure in the
8. A few years later, Vohraet al.10 have investigated the
structural stability of Ti at the pressures up to 146 GPa a
transition v→g has been found at 11664 GPa. The pro-
posedg phase structure belongs to the orthorhombic latt

- FIG. 2. Enthalpy of the titanium’s structures relative to the e
thalpy of bcc phase at low pressures.
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space group:Cmcm. The choice of four atoms/cell gives
volume of 10.48 Å3/atom at volume compressionV/V0 of
0.59. Cell parameters at 118 GPa area52.38860.005 Å,
b54.48460.009 Å, andc53.91560.008 Å. The four at-
oms occupy positions (0,y,1/4), (0,2y,3/4), (1/2,y
11/2,1/4), and (1/2,1/22y,3/4) with internal parametery
50.10(1). Themeasured volume decreases on transform
tion from thev phase to theg phase at 120 GPa isnV/V
521.6%. Theg phase has remained stable up to 146 G
the highest studied pressure in the Ref. 10. Recently, A
hamaet al.11 have reached the compression up to press
216 GPa. In their work, the transitionv→g have been ob-
served at 124–130 GPa and the transition fromg to newd
phase has been observed at 140–145 GPa. Proposedd phase
structure belongs to the same orthorhombic lattice sp
group:Cmcm, and Ti atoms also occupy the same positio
as in theg phase. The lattice and positional parameters of

FIG. 3. Enthalpy of titanium’s structures relative to enthalpy
bcc phase at high pressures.

FIG. 4. The pressure dependence of the lattice parametersa/b
andc/b for the d phase. The experimental data are from Refs.
and 12.
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d phase at 178 GPa area53.8610(7), b52.6296(6), and
c53.6323(4) Å. The internal parametery is equal to
0.295~9!. The d phase has remained stable up to press
216 GPa.11

In the theoretical work by Ahujaet al.,13 the stability of
the structures hcp,v, and bcc of Ti, Zr, and Hf has bee
investigated. In the case of titanium, thev phase~not hcp!
has been found to be the most stable atP50. This fact has
been explained by the authors of Ref. 13 as a tempera
effect. Further, the transitionv→bcc has been found at 57.
GPa, that was in disagreement with the experimental d
reported by Xiaet al.8 The calculations in the Ref. 13 wer
based on the local-density approximation. As we think, t
fact was a main reason for some discrepancies between

f

1

FIG. 5. The pressure dependence of the internal parametery for
thed phase. The broken horizontal line is the experimental value
the parametery at 178 GPa.11

FIG. 6. Comparison of the calculated isotherm with t
experimentally observed isotherms of Ti at 300 K. The theoret
results for all the phases have been drawn by solid line. Theore
lines for bcc andd phases are indistinguishable on the pictu
Symbols belong to the experimental data~see legend!. ~@a# Ref. 10,
@b# Ref. 11.!
2-2



ity of the

BRIEF REPORTS PHYSICAL REVIEW B67, 132102 ~2003!
TABLE I. The transition pressures and structural parameters for Ti. The structural parameters are given for the intervals of stabil
phases.

Transition pressure~GPa! Structural parameters

Structure, transition Theory Experiment Theory Experiment

hcp c/a51.58
hcp→v 23 2–11.9
v c/a50.61720.627 c/a50.60820.625
v→g 98 112–130
g b/a51.87721.884 b/a51.8421.86
g c/a51.62521.629 c/a51.6121.63
g y50.10620.108 y50.1020.11
g→d 106 140–145
d a/b51.4621.50 a/b51.4621.49
d c/b51.3821.41 c/b51.3721.40
d y50.2920.295 y50.29520.30
d→bcc 136 .216
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results obtained in Ref. 13 and the experimental ones.
In another theoretical work by Joshiet al.,14 the calcula-

tions of structural stability for four phases (g, d, v, and
bcc! of Ti in the generalized gradient approximation ha
been performed. The authors of Ref. 14 have found the t
sition v→bcc at 93 GPa. Their conclusions about stabilityg
andd phases were: Thev phase transforms to a bcc stru
ture directly without intermediateg phase and thed phase is
not at all stable at any compression. However, some res
tions in these calculations took place. Namely, the fixed
tios b/a andc/a have been used.

Therefore, in the present work we aim at the same go
as the authors of Ref. 14, but we have used the full geom
optimization for all the structures that have been conside
We have studied the hcp, fcc,v,g,d, and bcc structures up
to pressures 800 GPa.

Total energy calculations have been performed with
full-potential linearized-augmented-plane-wave meth
supplemented by local orbitals~FLAPW1LO!.15 The gener-
alized gradient approximation16 has been used for the calcu
lation of exchange-correlation energy. We have perform
the optimization of a parameterc/a for hcp andv phases.
The parametersb/a, c/a, andy have been optimized forg
and d structures. The optimization has been performed
each volume considered. Since very small energy differen
between some phases are presented in the pressure in
100–130 GPa, we took care about the total energy con
gence in such parameters as a number of basis functions
a number of points in Brillouin’s zone. In all the cases, t
convergence about 0.1 mRy has been achieved.

The total energy of the different structures of Ti~rela-
tively to the total energy of bcc structure! as a function of
relative volume is presented in Fig. 1. As it can be seen th
are intervals of stability ofg and d phases. Thus, there ar
some differences with respect to the results of the work
Joshi et al.,14 where theg phase had been obtained as
metastable structure andd phase had been obtained as
unstable at all compressions.~The curve of theg phase is
coincided with the curve of the hcp phase at volumes fr
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ambient one to approximately 13 Å3 in Fig. 1. It is due to the
geometry optimization: at these volumes, theg phase param-
eters have such values, that the structure is hcp.!

The transition pressures have been found by compar
of enthalpy of different structures~at T50, enthalpy is equal
to the free Gibbs’ energy:H5E1PV). The relative en-
thalpy of titanium’s structures is presented in Figs. 2 an
for low and high pressures, accordingly. Some oscillations
thed-phase’s curve in the pressure interval 135–170 GPa
due to a finite number of points in Brillouin’s zone used f
calculations. In this interval of the pressures, thed phase’s
total energy is very sensitive to the sampling of Brillou
zone because of very fast change of thed structure’s param-
eters~see Figs. 4 and 5!. Four transitions have been obtaine
in our calculations: hcp→v, v→g, g→d, and d→bcc.
Table I contains the transition pressures and parameter
the structures presented.

Despite of the fact, that there are some improvement
describing of the experimental data, some discrepancies
still remain. And if a little underestimated pressures for t
first, second, and third transitions can be attributed to
inaccuracies in the calculations or to the thermal effects,
presence of the transitiond→bcc in our calculation and the
absence of it in the experimental works11,12up to 216 GPa is
worthy. In this connection, it is interesting to look at th
optimal lattice parameters of thed phase obtained in ou
calculations as a function of pressure. In Fig. 4, the para
etersa/b andc/b are presented. The internal parametery is
presented in Fig. 5.

There exist some interval of pressures in which the cal
lated parameters are close to the experimental ones. B
the pressures higher than 170 GPa, thed phase parameter
change in such a manner that structure obtained is bcc~for
the bcc structurea/b5c/b5A2 andy50.25). Thus, quite
possible, that the wide interval of thed structure’s
stability11,12 may be is a consequence of a nonhydrosta
stress in experiments, as had already been pointed ou
Joshiet al.14

In Fig. 6, we compare our theoretical 300-K isotherm
with the experimentally observed isotherms for Ti. The th
2-3
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mal correction to ourT50 results was consisted in takin
into account the lattice vibrations via Debye model with D
bye’s temperatures obtained fromT50 isotherms in accord
ing to Ref. 17. As it can be seen from Fig. 6, there is a cl
accordance between the calculated and experimental
therms. Especially, it is necessary to note the accordanc
high pressures. This fact can also be interpreted as an
dence for the presence of the bcc structure at the press
150 GPa and higher.

In summary, we have reproduced the experimental tre
of a crystallographic sequence: hcp→v→g→d→bcc with
pressure for Ti. For all the transitions, the calculated pr
sures agree well with the experimental ones, although sm
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