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Titanium metal at high pressure: Synchrotron experiments andab initio calculations
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The high pressure behavior of titanium metal is investigated experimentally using angle dispersive synchro-
tron x-ray diffraction as well as theoretically usingab initio electronic structure methods. Our calculations
predict a directv to bcc transformation around 80 GPa without any intermediate crystal phases. Theb8
~bcc-structure! Ti phase was experimentally observed to coexist with thev phase at pressures between 40 and
80 GPa on compression at ambient temperature. High-temperature treatment at 80 GPa results in a formation
of a newh phase with a monoclinically distorted bcc structure. On decompression theh phase transforms to
the pureb8 phase.
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The titanium group of elements and their alloys are v
important materials both from technological and scient
point of view. Technologically, these materials have appli
tions in the aerospace industry due to their light weig
static strength and stiffness and they do not degrade rap
when the temperature is increased and they also show ox
tion resistance. From the fundamental aspect, these elem
are situated in the beginning of the transition metals se
and their electronic structure is dominated by a compa
tively narrowd-band hybridizing with a broads band. Under
pressure there is a transfer ofs electrons into thed band. This
rearrangement governs both the electronic and struct
properties. Conventional ideas about the crystal structure
transition metals state that the most important parameter
trolling the stability of a given structure is thed-occupation
number. This is related to fact that thed density of states for
different structure show characteristic element independ
shapes.

The titanium group of elements are all stable in the h
~a! structure under ambient conditions, but at high tempe
ture they transform to the bcc~b! structure. It is now also
well established experimentally that under pressure two
the elements of the titanium group~Zr and Hf! transform to
the bcc phase even at ambient temperature and high pres
In addition all three elements~Ti, Zr, and Hf! show a phase
transition from the hcp to thev phase under pressure.1–3 On
further compression, thev phase transforms to the bcc pha
in the case of Zr and Hf.3 The search for the missing hig
pressure bcc phase in titanium is still going on. Very recen
two groups have independently reported high pressure m
surements for Ti in the megabar pressure range and V
and Spencer4 found a novelg phase of Ti at megabar pres
sures. They showed that Ti transforms from thev phase to an
orthorhombic~g! phase at 116.0 GPa. This phase remain
stable up to the highest studied pressure of 146 GPa. L
Akahamaet al.5 have reported a newd phase~distorted bcc!
phase at 140 GPa beyond the intermediateg phase. Thisd
phase was stable up to 220 GPa. Most surprisingly the
new studies did not show any sign of the expected bcc ph
under high pressure. On the other hand,ab initio theoretical
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calculations by Ahujaet al.6 have already predicted that th
bcc phase in Ti should become stable under pressure alr
at a pressure below 100 GPa. However, in these calculati
the recently reportedg and d phases were not taken in ac
count. Recently, Joshiet al.7 have also performed theoretica
high pressure study on Ti metal.

The main aim of the present work is to make anoth
study of the high pressure behavior of Ti both experimenta
~synchrotron x-ray diffraction! and theoretically~fully re-
laxed ab initio FPLMTO method!. From these studies we
will show that Ti under pressure indeed behaves in a sim
way as its counterpart tetravalent metals, Zr and Hf.

The details of the electrically and laser-heated DAC e
periments are described by Dubrovinskyet al.8–10 Powder
x-ray diffraction data were obtained at ESRF~beam line
ID30! with the Bruker CCD area detector using an x-r
beam of 0.3738 Å wavelengths and size of 10312mm.
Detector-to-sample distance was varied from 170 to 220 m
Diamonds were mounted on the seats made of cubic
allowing us to collect the complete Debye rings to 0.9
The collected images were integrated using theFIT2D pro-
gram in order to obtain a conventional diffraction spectru
The Rietveld refinements of powder x-ray diffraction da
were carried out using theGSAS program.11 As internal pres-
sure standards and pressure medium we used NaCl po
mixed with the sample in the mass proportion approximat
1:4.

We have also performed calculations using the full pot
tial linear muffin-tin orbital~FPLMTO! method12 in which
basis functions, electron densities, and potentials were ca
lated without any geometrical approximation. These qua
ties were expanded in spherical waves~with a cut-off l max
58) inside nonoverlapping spheres surrounding the ato
sites~muffin-tin spheres! and in a Fourier series in the inte
stitial region, between the spheres. We have used genera
gradient approximation~GGA! by Perdew, Burke, and
Ernzerhof13 for the exchange-correlation potential. Th
muffin-tin spheres occupied approximately 60% of the u
cell. The radial parts of the basis functions inside the muffi
tin spheres were calculated from a wave equation for thl
50 component of the potential inside the spheres that
cluded mass velocity, Darwin shift, and higher order corr
©2004 The American Physical Society02-1
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FIG. 1. Examples of x-ray diffraction patterns obtained in o
experiments for titanium metal~B1 and B2 denote the for low- an
high-pressure NaCl polymorphs, respectively!.
18410
tions, but not the spin–orbit coupling. Spin–orbit couplin
and the higherl components of the potential in the muffin-ti
spheres and all of the Fourier components of the potentia
the interstitial region were included in the cryst
Hamiltonian.14 In the calculations reported here, two sets
energy parameters were used, one appropriate for the s
core states, and the other appropriate for the valence st
The resulting basis formed a single, fully hybridizing s
The specialk-point method15 was used for sampling the ir
reducible wedge of the Brillouin-zone~BZ!.

In our experiments high purity~99.999%! Ti was used as
the starting material. At applied pressures of about 9 GPa
initial a phase~hcp structure! transforms into thev-phase, in
good agreement with previous observations3–5 ~Fig. 1!. Fur-
ther compression to 39 GPa does not result in any ph
transformations~Fig. 1!. However, at 42 GPa we observe
the appearance of new, additional to thev-phase, reflections
~Fig. 2!. Those reflections are almost not distinguishable
the 1D-integrated~‘‘conventional’’! diffraction pattern@Fig.
2~a!#, but could be easily recognized on the on rolled~option
‘‘CAKE’’ in FIT2D program! images@Fig. 2~b!#. A pressure
increase to 81 GPa did not result in any more pronoun
splittings of the reflections ofv-Ti and the new phase, an
actually all the observed 1D-integrated pattern peaks co
still be indexed as reflections of purev-Ti ~Fig. 1!. However,
indexing of the diffraction patterns in framework ofv-Ti
require, for example at 42 GPa,c/a ratio of 0.601, while at
pressures between 20 and 40 GPac/a monotonically in-
creases from 0.613 to 0.618. Moreover, the quality of
full-profile refinement decreased with pressure and it is pr
tically not possible to describe the pattern collected at

r

FIG. 2. Part of the integrated
image collected at 42~2! GPa:~a!
1D-integrated ~‘‘conventional’’!
diffraction pattern,~b! rolled ~op-
tion ‘‘CAKE’’ in the FIT2D pro-
gram! image.
2-2
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FIG. 3. Examples of a profile-fitted x-ray diffraction pattern obtained in experiments on titanium:~a! data collected at 81~1! GPa and
fitted with a mixture of thev-phase~lower ticks! and B2-NaCl~upper ticks!; ~b! the same diffraction pattern fitted by a mixture of th
v-phase~lower ticks!, B2-NaCl ~middle ticks!, andb8-Ti ~upper ticks!; ~c! diffraction data from the sample heated during 3 h at1050~25!
K at 78~1! GPa fitted by the orthorhombic~space groupFmmm! h-Ti structure~upper ticks! ~lower ticks-B2-NaCl!; ~d! diffraction data
collected upon decompression ofh-Ti at 37~1! GPa and fitted with the bcc-structuredb8-Ti ~upper ticks! and B2-NaCl~lower ticks!.
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GPa in terms of just two phases—B2-NaCl~pressure me-
dium! and thev-Ti @Fig. 3~a!#. At the same time, if we as
sume that bcc-structured titanium is present in the sam
@we will call it b8 to underline its structural identity with th
low-pressure bcc-titanium~b!#, we are able to quantitatively
describe the diffraction patterns at pressures up to 80
@Fig. 3~b!#.

While heating below 950 K did not result in any notic
able modifications of diffraction patterns, laser-heating
1200–1300 K or electrical heating at 1050~25! K during 3 h
at 78–80 GPa results in significant changes of the diffrac
pattern ~Fig. 1!. Reflections of the newh-phase could be
indexed as an orthorhombic lattice and the diffraction patt
could be reproduced by theFmmmspace group with Ti in 4a
~0, 0, 0! position@Fig. 3~c!#. The lattice parameters ofh-Ti at
78~1! GPa and ambient temperature area53.918(1) Å, b
53.968(1) Å,c53.092(1) Å. The structure of theh phase
could be described as a monoclinically distorted bcc str
ture with lattice parameters a85b852.788 Å, c
53.092(1) Å,g589.3°.

On decompression at room temperatureh-Ti transforms
into the ideal bcc-structuredb8 phase at pressures below 4
GPa@Figs. 1 and 3~d!#. Note, that while on compression~or
on decompression of the unheated sample! the characteristic
18410
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~001! and~111! reflections ofv-Ti are easily detectable, the
are absent in the diffraction pattern of theb8-phase obtained
by decompression ofh-Ti ~Fig. 1, inset!. On further decom-
pression, at pressures below 30 GPa,b8-Ti transforms to the
v-phase which could be quenched to ambient pressure
was previously observed by Vohra and Spencer.4

The compressibility of b8-Ti @KT5132(5) GPa,K8
52.4(6)# is close to the compressibility ofv-Ti @KT
5126(3) GPa,K852.6(4) from our data, and KT
5123.1(4.7) GPa,K853.24(1.2) according to~5!#. The
molar volumes of bothb8- and h-Ti are very close to the
molar volumes of thev-phase at corresponding pressure. F
example, at 78~1! GPa the molar volume ofh-Ti is just
;0.2% lower than the molar volume ofv-Ti. This could
explain why~a! the b8- andv-phases can coexist over suc
a wide pressure range~at least between 40 and 80 GPa!, ~b!
heating is necessary to activate the transformation from thv
phase to theh phase, and~c! it is so difficult to distinguish
the x-ray diffraction patterns of theb8- and v-phases~at
very similar molar volumes the reflections ofb8-Ti are just
‘‘hidden’’ under the reflections ofv-Ti!.

We have calculated the total energies of the differ
phases, namely, thev, g, d, h, and b ~bcc! phases, as a
function of volume for Ti. As an example, in Fig. 4 we sho
2-3
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the differences in total energy as a function of volum
V/V0 , whereV0 is the experimental equilibrium volume fo
the hcp phase. In this figure, we have taken the total ene
of the bcc phase as a reference level. One can see from
4 that at compressions down toV/V050.62 ~pressure abou
80 GPa!, thev phase is more stable than the bcc,g, h, andd
phases. Beyond this compression the bcc phase beco
stable relative to all the other structures. The difference in
total energy between theg and h phase and the bcc phas
increases with decreasing volume, whereas the differenc
energy is almost constant in the case of thed and bcc phase
for the studied volume range. Thus our calculations pre
that both theg, h, andd phases are metastable. In Table I, w
have shown our relaxed parameters for thed, h, and theg

FIG. 4. Total energy differences of Ti as a function of volum
(V/V0 , whereV0 is the experimental volume! for the v, g, d, h,
and b~bcc! structures. The total energy of theb ~bcc! structure is
taken as a reference level.
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phase and compared it with recent experiments. We h
also looked into the stability of theg and d phase in Zr
metal. Again, our calculations do not support the existence
a stableg and d phase, which is in agreement with expe
ment for Zr.

In summary, our experimental and theoretical stud
show the existence of the bcc-structure in Ti at high press
The transformations in titanium are path-dependent and
rent experimental information is not sufficient for unambig
ous conclusion whetherb8-Ti is a stable or metastabl
phase. Theoretical calculations predict stabilization of b
structured titanium at significantly higher pressure~above 80
GPa! than was observed experimentally~above 40 GPa!. We
have also found that titanium has the potential to form me
stable phases~like d, g, or h! with very similar molar vol-
umes.

The authors acknowledge financial support from t
Swedish Research Council~VR! and ATOMICS~SSF!. Part
of these calculations were done at the National Superc
puter Center~NSC!, in Linköping, Sweden.

TABLE I. Calculated structural parameters for theg and thed
phases along with recent experimental data.

Structure Pressure b/a c/a y

g-phase 118 GPa 1.889 1.624 0.108 Present Cal
1.878 1.639 0.100 Expt.a

h-phase 78.0 GPa 1.007 0.704¯ Present Calc.
1.013 0.789 ¯ Present Expt.

d-phase 178 GPa 0.716 0.989 0.268 Present Cal
0.681 0.941 0.295 Expt.b

aReference 4.
bReference 5.
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