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Recent room temperature experiments on TiH2 [Kalita et al., J. Appl. Phys. 108, 043511 (2010)],

an important compound in hydrogen storage research, revealed a cubic (fcc, Fm-3m) to tetragonal

(bct, I4/mmm) phase transition at around 0.6 GPa, which was suggested to remain stable up to at

least 90 GPa. However, the simulated X-ray diffraction (XRD) pattern of the I4/mmm structure

cannot explain all the diffraction peaks observed at 90 GPa. In this article, we apply the recently

developed particle swarm optimization algorithm for crystal structure prediction to propose that at

63 GPa TiH2 presents a further phase transition from I4/mmm to P4/nmm, which we have also

confirmed is dynamically and enthalpically stable up to 294 GPa. Moreover, the XRD patterns and

calculated lattice parameters of the P4/nmm structure are in good agreement with the experimental

available data. Above 294 GPa, we predict a monoclinic P21/m structure to be stable. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4795164]

INTRODUCTION

High-pressure phases of many hydrides have been the

subject of study for several years,1–11 which has been funda-

mental to identify new equilibrium and metastable structures,

those could even be quenchable. Interestingly, metallic

phases of some compressed hydrides have been predicted to

be high temperature superconductors,2–8 and many others are

promising compounds for hydrogen storage.9–11

In this article, we will characterize the structural phase

sequence of TiH2 under pressure, which although itself is not

the ideal candidate for hydrogen storage, it has been shown

that it can catalyze and enhance the reversible hydrogenation

and dehydrogenation processes required in hydrogen storage

research.12–16 As it is common for many transition-metal dihy-

drides (MH2), at room temperature TiH2 stabilizes in the

CaF2-type (fcc) structure. However, below 17 �C the fcc phase

becomes unstable and transforms to a tetragonal I4/mmm
structure.17 Similar instabilities have been also observed in

other group IVB hydrides (e.g., ZrH2 and HfH2).18–20 Recent

synchrotron X-ray diffraction (XRD) experiments of TiH2 at

room temperature and high pressure revealed a phase transi-

tion from fcc to I4/mmm at 0.6 GPa, which was concluded to

remain stable up to 90 GPa, as there was not identified any

other structural transition in this pressure range.21 However,

we have seen that the simulated XRD pattern of the I4/mmm
structure cannot explain all the experimental diffraction peaks

at 90 GPa. In this article, we have used our newly developed

particle swarm optimization method for crystal structure pre-

diction to extensively explore the high-pressure structures of

TiH2 at zero temperature. Interestingly, we predict another

phase transition from I4/mmm to P4/nmm at 63 GPa, which

fits better to the experimental XRD pattern and the resulting

unit cell parameters.21

COMPUTATIONAL DETAIL

The crystal structure prediction is based on a global

minimization of enthalpy surfaces merging ab initio total-

energy calculations as implemented in the Crystal structure

AnaLYsis by Particle Swarm Optimization (CALYPSO)

code,22 which has been successfully applied to predict sev-

eral other structures at high pressure.23–25 The underlying

ab initio structural relaxations were performed using density

functional theory within the Perdew-Burke-Ernzerh (PBE) of

parameterization of the generalized gradient approximation

(GGA)26 as implemented in the Vienna ab initio simulation

package (VASP)27 code. The all-electron projector-aug-

mented wave (PAW)28 method was adopted with 3d24s2 and

1s1 as valence electrons for Ti and H atoms, respectively.

The energy cutoff 600 eV and appropriate Monkhorst-Pack29

k meshes were chosen to ensure that enthalpy calculations

are well converged to better than 1 meV/formula unit (f.u.).

The phonon calculations were carried out using a supercell

approach30 with the PHONOPY code.31

RESULTS AND DISCUSSION

Structural predictions for TiH2 have then been performed

with CALYPSO22 using simulation sizes ranging from one to

four formula units per primitive cell at 1 atm, 50, 80, 150,

200, 250, 300, 400, and 450 GPa. We have also examined the

structure searching convergence with variation of the simula-

tion cell sizes. According to our simulations, at 1 atm and

50 GPa, TiH2 adopts a centered tetragonal structure with space

group I4/mmm (2 f.u./cell) (Fig. 1(a)), which is in good

a)Author to whom correspondence should be addressed. Electronic mail:

mym@jlu.edu.cn.
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agreement with the recent experiments.21 In this structure, the

Ti atoms form a body-centered tetragonal (bct) sublattice and

H atoms are located on the planes, forming a one dimensional

chain. At the same time, we also predict a metastable fcc

structure (i.e., a CaF2-type structure), which is the stable struc-

ture of many transition-metal dihydrides at ambient condi-

tions. The most stable structure we have found at 80, 150,

200, and 250 GPa, is a simple tetragonal P4/nmm structure

(Fig. 1(b)). In order to make it easier to compare with the

I4/mmm structure, in Fig. 1(b) the P4/nmm structure is also

presented with a bct cell. Besides the positions of the H atoms,

an important difference between I4/mmm and P4/nmm struc-

tures is that in the latter one inner Ti atom is slightly deviated

from the center of the cell. Considering that the diffraction

cross-section of H atoms is extremely small, the XRD patterns

of the I4/mmm and P4/nmm structures are expected to be very

similar and, therefore, difficult to differentiate. At and above

300 GPa, we predict a monoclinic P21/m structure (4 f.u./cell)

(Fig. 1(c)), which can also be seen as a little distorted bcc

Ti lattice.

To check the enthalpical stability of the resulting struc-

tures, Fig. 2 presents their enthalpy difference with respect

to the fcc structure as a function of pressure. Due to the

high pressure structures are very similar to each other and

all the H atoms exist in the atomic form, we do not expect

including the zero point energy will substantially change

the calculated phase transition sequence.34 At zero pres-

sure, the I4/mmm structure is just 5 meV lower in enthalpy

than that of the fcc phase. Actually, at low temperature,

TiH2 stabilizes in the I4/mmm structure, but it becomes

unstable at higher temperature, transforming from I4/mmm

FIG. 1. (a), (b), and (c) are the predicted I4/mmm, P4/nmm, and P21/m struc-

tures for TiH2. Titanium and hydrogen atoms are shown with large and small

balls, respectively. The P4/nmm structure contains 2 formula units for unit

cell and the lattice parameters at 100 GPa are a¼ 2.6033 Å, c¼ 4.3699 Å

with atomic positions of Ti at 2 c (0.5, 0, 0.26608), and H at 2 a (0, 0, 0) and

2 c (0, 0.5, 0.33139) sites.

FIG. 2. The enthalpies per formula unit of various structures as a function of

pressure with respect to the Fm-3 m structure.

FIG. 3. The simulated XRD patterns of Au, I4/mmm,

and P4/nmm-TiH2 at 48 and 90 GPa compared with

the experimental data from Ref. 21, where we have

considered the same x-ray wavelength (0.413561 Å)

as in the experiment.

103512-2 Gao et al. J. Appl. Phys. 113, 103512 (2013)
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to fcc at 17 �C. According to our calculations, at zero tem-

perature, the I4/mmm structure is enthalpically stable up to

about 63 GPa, above which it transforms to another tetrago-

nal P4/nmm phase. The P4/nmm structure has a very large

stability range, from 63 to 294 GPa, and at higher pressures

it transforms to a monoclinic P21/m structure. We have also

considered the Pnma and P6/mmm structures, the high-

pressure structures of heavy alkali earth dihydrides, such as

CaH2
32 and BaH2,33 but they are unstable with respect to

our predicted P21/m. Our predicted phase transition from

I4/mmm to P4/nmm at 63 GPa apparently contradicts the ex-

perimental results,21 which claim that the I4/mmm structure

persists up to at least 90 GPa. To further verify the validity

of our predicted P4/nmm structure above 63 GPa, in Fig. 3

we compare the simulated XRD spectra of the P4/nmm and

I4/mmm structures with the experimental data. Note that

we used the break in Fig. 3 due to that the experimental

work did not present any data between 13� and 14� and,

in fact, there are no any peaks during this angle range in

our simulations. At 48 GPa, the XRD data of I4/mmm-

TiH2 and Au, which is used as a pressure marker in the

experiment, perfectly reproduce the observed one, which

supports the stability of the I4/mmm structure at this

pressure, in accordance with our computed enthalpy

curves. However, at 90 GPa, the XRD patterns of I4/

mmm-TiH2 and Au cannot explain all the experimental

peaks, especially those located between 16� and 17�.
Interestingly, our predicted P4/nmm structure, which

according to our calculations is enthalpically stable

between 63 and 294 GPa, reproduces all the experimental

diffraction peaks, so that we conclude it can be attributed

to the P4/nmm structure and not to the low-pressure I4/

mmm phase.

We have also compared our calculated unit cell parame-

ters with those that best fit the experimental XRD pattern. As

it is shown in Fig. 4, below 63 GPa the computed unit cell pa-

rameters for I4/mmm are in good agreement with that obtained

from the experimental XRD data, while the calculated unit

cell parameters for P4/nmm at 90 GPa have a very large differ-

ence from those obtained from the experimental XRD data

when the fitting is done with the I4/mmm structure. But we

should remember that it is not reasonable to fit the experimen-

tal XRD pattern with Miller indices corresponding to the

low-pressure I4/mmm structure after TiH2 has transformed to

P4/nmm above 63 GPa. Therefore, when the fitting to the

experimental XRD pattern is done with Miller indices corre-

sponding to the P4/nmm structure, the agreement with the cal-

culated unit cell parameters is excellent, as the blue stars in

Fig. 4 show.

Finally, we need to check the dynamical stability of the

proposed P4/nmm structure. Fig. 5 shows the phonon disper-

sion curves of the P4/nmm structure at 50 and 300 GPa,

respectively. The absence of imaginary frequency suggests

that P4/nmm is dynamically stable within its enthalpically

stability range, which further supports the validity of this

structure.

FIG. 4. Pressure evolution of the calculated and experimental unit cell

parameters of the tetragonal I4/mmm and P4/nmm phases of TiH2. Solid and

hollow represent parameters c and a, respectively. Green circles and red tri-

angles refer to the calculated data with I4/mmm and P4/nmm, respectively.

Black squares are the parameters obtained fitting the experimental XRD data

considering the Miller indices for the I4/mmm structure (Ref. 21), while blue

stars are the fitted parameters when the Miller indices for the P4/nmm struc-

ture are considered.

FIG. 5. Phonon dispersion curves for the

P4/nmm structure at 50 and 300 GPa.

103512-3 Gao et al. J. Appl. Phys. 113, 103512 (2013)
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CONCLUSION

In conclusion, zero temperature ab initio enthalpy calcu-

lations based on the structures predicted by CALYPSO sug-

gest that TiH2 adopts a body centered tetragonal I4/mmm
structure at ambient pressure and transforms to a simple tet-

ragonal P4/nmm phase at 63 GPa, which remains stable up to

294 GPa when P21/m structure becomes preferred. The com-

parison between the experimental and calculated X-ray dif-

fraction patterns and the fitted and calculated unit cell

parameters allow us to confirm the phase transition from I4/

mmm to P4/nmm below 90 GPa.
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