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Thermal stabilization of the hcp phase in titanium
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We have used a tight-binding model that is fit to first-principles electronic-structure calculations for titanium

to calculate quasiharmonic phonons and the Gibbs free energy of the hexagonal-closedpeplatt omega

(w) crystal structures. The hcp phonon dispersion agrees with experimeiat;ghenon dispersion has yet to

be measured. The model predicts that the true zero-temperature ground state &rineture and that it is the
entropy from the thermal population of phonon states which stabilizes the hcp structure at room temperature.
We present a completely theoretical prediction of the temperature and pressure dependence obthbdssp-
transformation and show that it is in good agreement with experiment. The quasiharmonic approximation fails
to adequately treat the bcc phase because the calculated phonons of this structure are not all stable.

DOI: 10.1103/PhysRevB.69.094117 PACS nunider64.30:+t, 63.20.Dj, 64.70.Kb, 65.40.Gr

The experimentally observed equilibrium state of titaniumBecause of the large computational effort required to calcu-
at room temperature is the hexagonal-close-pactte) late the free energy of Eq1) over a significant range of
structuret  even though static-lattice first-principles volumes and temperatures, we have chosen to use a tight-
electronic-structure calculatioh® predict the omega «) binding model instead of conventional first-principles
structure to be the energetically favored ground state. Therelectronic-structure methods. The functional fitting forms are
are two possible causes for this discrepan@dy:this is an-  those developed at the U.S. Naval Research Labortoty.
other failure of the first-principles metho@scal-density ap- The model’s accurate emulation of first-principles calcu-
proximation or generalized gradient approximation tolations(in this case theviENs7 codé®) requires optimization
density-functional theopyused for calculating the electronic- of a single tight-binding parametrization such that the model
structure of solids, of2) thermal effects stabilize the hcp closely reproduces the relative total energies of selected crys-
phase. In this paper we show evidence that supports the setal structures. The structures are chosen to be both simple
ond argument being correct: the thermal occupation of phoand representative: simple enough to make the first-
non states favors the hcp structure above a pressur@rinciples calculations feasible and representative of all mi-
dependent transition temperature. Only by including thecroscopic environments the model is aimed at describing. A
vibrational entropy in the first-principles calculations cancomparison of total energies as a function of volume with
theory be brought into agreement with experiment. structures fulfilling these requirements is shown in Fig. 1.

Titanium is a good case for testing our ability to predict Not shown but included in the fit as independent structures
solid-solid phase transformations with first-principles meth-are fcc crystals distorted to correspond to the longitudinal
ods. It is an element that displays a rich phase diagram witand transverse phonons at the reciprocal-space high-
several recently discovered high-pressure pha8®ghen al-  symmetry pointX. These additional structures fine-tune the
loyed with other elements, it leads to materials of major techmodel’s ability to correctly describe lattice vibratiohsCru-
nical importance for the airline, space, and other industriescial for convergence of the fitting procedure is to fit the

Extensive experimental studies of the pressure-inducedubic-structure energy bands at high-symmetry points in re-
transition from the hcp to the structure at room tempera- ciprocal spacé®?!
ture show a large hysteresis. The accepted equilibrium trans- The electronic contribution to the free energy depends on
formation pressure of 2:00.3 GPa was estimated from the electronic density of staté®OS) as a function of vol-
measurements of samples under shear stress because time,n(E,V). The occupation of these states, given by the
shear reduces the hysteresisieasurements without applied Fermi distribution f(E,T)=[eEE/keD+1]71  deter-
shear give the pressure of the onset of the transformatiomines their entropi?
between 2.9Ref. 9 and 9.0 GP&° Impurities also strongly
affect the onset pressutaVe know of no experimental data
that explores the low-temperature regime; higher tempera- g (T,V)=—k j[f Inf+(1—f)In(1—f)In(E,V)dE
tures have been examined only indirectly using shockwave B ’ '
experimentg? 14 2

It is possible to use first-principles methods to calculate
the zero-temperature internal enerdy(V) as well as the and hence the electronic contribution to the free energy
free-energy contributions from the iong,(T,V), and the F(T,V)=—TS,(T,V). This contribution is small com-
electronsFg(T,V), to give the complete equation of state pared to that of the ions but is included for completeness.

The ionic contribution to the free energy depends on the
F(T,V)=®y(V)+F(T,V)+Fg(T,V). (1)  phonon DOSg(w,V), through the zero-point energy
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FIG. 1. Calculated energies for the crystal structures in the fit- FIG. 2. Expe_nmen_tadcross_e}s(_Ref._27) and tight-bindingsolid
ting database. Symbols are the first-principles results and solid lind1€9 phonon dispersion of titanium in the hcp crystal structure at
are calculated from the fitted tight-binding model. Also included in @Mbient pressure. Although some experimental details are not re-
the fit (but not shown hedeis the fcc crystal with distortions cor- Produced by our tight-binding model, the overall agreement is quite
responding to the longitudinal and transverse phonons at th@°0d- The diamond af is from a first-principles frozen-phonon

reciprocal-space high-symmetry podit The w structure lies low- ~ calculation.

est in energy, in contrast to the experimentally found ground Statespectrum is smeared with a Gaussian, chosen to be as small

hep. as possible while keeping the DOS smooth and continuous.
The mesh is refined until the free energy converges.

3) The dynamical matrix at a given wave vectgris the
Fourier transform of the force constants, which we calculate
from the tight-binding model by the direct-force

as well as the temperature-dependent, quasiharmonic frerethod?>~2° This method requires large simulation cells

energy? consisting of repeated unit cells transposed by vedtptie
forces on all atoms are calculated in response to the displace-
ment of the ator{s) in one unit cell. Our simulation cells
contain 128(hcp), 81 (w), and 128 atomsbco); for more

details we refer the reader to Ref. 19.

This differs from the volume-independent harmonic approxi- Figure 2 compares our calculated phonon dispersion for

mation in that the quasiharmonic approximation useshe hcp structure to experimental dafalhe overall agree-

phonons calculated for small atomic displaceméngs, har-  ment is good, in particular near the zone cerfg@pundI’)
monic¢) around the atomic positions for each crystal structureand along the vertical directiofparallel to thec axis). Fre-

and volume. The resulting phonon frequencies are thereforguencies of modes in horizontal directiofperpendicular to

volume dependent, which implicitly includes some anhar-the ¢ axis) away from the zone center are somewhat high

monic contributions neglected in a purely harmonic theorycompared to experiment. Another experimental measurement
but certainly misses other high-temperature anharmonic coref the phonon dispersiéh shows similar agreement. The
tributions. The theory should be most accurate at low temmain characteristics, which the tight-binding model captures,
peratures and should lose accuracy as one approaches thige a reliable DOS(see Fig. 5 of Ref. 27 the relevant
melting temperature. Moreover, thermodynamics in this apentity used in Eqs(3) and(4) to calculate the phonon con-
proximation are only possible when the quasiharmonidribution to the free energy. The phonon dispersion we pre-

phonons for any given crystal structure and volume aralict for the w crystal structure is shown in Fig. 3.

stable, which may not be true if that crystal can lower its Figure 4 shows the calculated phonon DOS for the hcp

total energy by spontaneously and continuously distortingrystal structure. Some differences between the calculations

into another crystal structure. At elevated temperatinear  with 54 and 128 atoms are visible but change the calculated
melting) this approximation also neglects some important anfree energies, which integrate over the DOS, by less than
harmonic contributions to the free energy that can be resporB.1%; our final result, the phase transformation lisee be-
sible for stabilizing some of the high-temperature phases. low), is not noticeably affected.

We have used the tight-binding model to calculate the The phonon density of states is calculated for the ¥icp,
electronic and the phonon DOS by evaluating the relevani, and bcc structures at a dozen volumes corresponding to
energy eigenvalues and dynamical matrices on a fine mesh pfessures in the range from 0 to 170 GPa and is then used to
wave vectors in the first Brillouin zone. In both cases theevaluate the Gibbs free eneffyG(T,P)=F(T,V)+PV.

1
U,erdV) = EJ'Qﬁwg(w,V)dw,

FH(T,V)=kBTfQ InN[1—e "**&T]g(w,V)dw. (4)

094117-2



THERMAL STABILIZATION OF THE hcp PHASE IN . .. PHYSICAL REVIEW B69, 094117 (2004

[0€0] [£00] [00&] 15 T T
" Ti (o) I ]
8 | Titanium |
Sl 10 |- -
E 6<— . S O-—0 experimental T
> £ F — this work .
g [ © | ,
Q [-%
2, L N
g 4 5+ bee —
g - ® 7
Q — - -
)
= - o] R
ol 3 - | / liquid |
0 [ [ B R \A\N [ R é\ Ly
¥ 0 500 1000 1500 2000 2500
T X)
OF

FIG. 5. The phase diagram of titanium. The dashed lines con-
FIG. 3. Predicted tight-binding phonon dispersion of titanium in nect the experimental data points given by YouRef. 29; the
the w crystal structure at ambient pressure. Symmetry dictates thajolid line shows our calculatetl— o transformation. Thermal sta-
some phonon energies be degenerate at high-symmetry points, e.gilization explains why at room temperature the experimentally ob-
atI’ (000); slight numerical errors in the calculated forces destroyserved hcp structure is favored over thestructure(the calculated
these degeneracies. The diamondlais from a first-principles  static-lattice ground state
frozen-phonon calculation.

. f th ibbs f . ¢ . etics may be just too sluggish for the system to bring itself
Comparison of the Gibbs free energies as a function ofy trye thermodynamic equilibrium.

pressure and temperature for the hcp anctystal structures We were not able to similarly calculate and include in Fig.
allows us to identify the phase transformation line. This ap+ e transition into the bec structure. The open bcc structure
proach is extremely demanding because tiny errors in thgy oars 1o be dynamically stabilized by entropy and anhar-
relative free energies can dramatically alter the phase boundi; jhic effects. Some quasiharmonic phonon modes are un-
ary. Figure 5 shows good agreement of our theoretically calgiapie que to a spontaneous instability of the bec crystal
culateda— w phase transformation line with the experimen- gi,cyre into thas phase. There is no energy barrier to this
tal phase dlagr.ar?r?. The calculated transition temperature at oqninyous transformation. In particular, this causes the lon-
zero pressure is=280 K.

At normal pressure we know of no experimental data that
show that thew phase is the correct zero-temperature ground
state, nor are we aware of any experimental data indicating
the opposite. It has recently been shown that energy barriers
exist for this phase transformatinthat may make it ex-
tremely difficult to verify at low temperatures. Thus the ki-
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B 7 \ nal phonon modes around the wave ve@@r%(l,l,l), which dis-
0.00 5 = g I 4|1 L é I Elé torts the bcc crystal into the phase.(b) Calculated energy land-

scape for the bcc ta pathway. The negative phonon frequencies
shown in(a) arei»? when1? is negative. These frequencies thus

FIG. 4. The phonon DOS for hcp Ti calculated using supercellsrepresent the imaginary part of the phonon frequency for unstable
with 54 and 128 atoms. modes.
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gitudinal phonon mode with wave vectag=%(1,1,1), moving with respect to each other. Calculations of the energy
which distorts the bcc crystal into the phase, to be unstable needed to move such a single chain of atoms indicate that for
below pressures of roughly 40 GPa. The mechanical insta3Mall displacements the movement is energetically favored,
bility of this phonon mode at low temperatures is also seefvhereas the movement of a single atom is not. _
experimentally; the martensitic phase transition from the bec /" conclusion, we have used a completely theoretical

phase to the hcp phase prevents the high-temperature bRPProach, without any experimental input, to calculate
phase from being quenched to room temperattréne the Gibbs free energies of competing crystal phases in tita-

branch of transverse phonon modes with wave vector§'M: Comparison of the hcp and Gibbs free energies
results in a pressure and temperature dependence of the

(£,£,0), which are related to the bce to hep transition, aISOstructural phase transition in good agreement with experi-

appears unstable in our treatment. Both of these instabilitie ent and serves to explain how finite-temperature entropy

are cons;stent with strictly first-principles calculations of 4¢acts stabilize the experimentally found room-temperature
phonons’ hcp crystal structure over the theoretically found static-lattice

Figure Ga) shows the relevant segment of thé.&,¢) , shase ground state. For thestructure the phonon disper-
branch. The energy of the corresponding pathway from the;, is predicted.

bcc phase to the phase, shown in Fig.(B), develops local

minima for the bcc phase at pressures of roughly 40 GPa, but We thank Matthias Graf, Carl Greeff, Dallas Trinkle, and
at lower pressures the crystal can deform from bcawto Duane Wallace for helpful and encouraging discussions. This
without encountering an energy barrier. This pathway can beesearch was supported by the U.S. Department of Energy
viewed as planes moving in accordance with the wave vectannder Contract No. W-7405-ENG-36. All FLAPW calcula-
q=2(1,1,1) or as chains of atoms along the body diagonations were performed using thelEne7 package®
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