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LETTER TO THE EDITOR 

Structural stability of hafnium under pressure 
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Neutron Physics Division, Bhabha Atomic Research Centre, Bombay 400085, India 

Received 25 April 1990 

Abstract. A theoretical analysis on the structural stability of Hf under pressure, using the 
linear muffin-tin orbital method in conjunction with the Andersen force theorem, predicts 
a new phase transition to a BCC phase at high pressures, in agreement with recent diamond 
cell experiments. 

The present work is a part of our study to understand the causes of the discontinuities 
observed in the plots of the experimental shock velocity (U,) and particle velocity (Up) 
data on group IV transition elements Ti, Zr and Hf using first-principles electronic 
structure calculations. McQueen et a1 (1970) found discontinuities in these materials at 
shock pressures of 17,26 and 40 GPa, respectively and there have been many specu- 
lations regarding them. McQueen et a1 (1970) assumed they were due to an CY (HCP) to 
/3 (BCC) transition based on the observation of /3 phase in the shock recovered samples 
of Ti. Kutsar and German (1976) associated these discontinuities with the a-, w (three 
atom simple hexagonal) phase change as they found w phase in the shock recovered 
samples of Ti and Zr  loaded to the pressure in the vicinity of the shock discontinuities. 
Also, Carter (1973) speculated that these could be due to some electronic transitions. 
(For more details see Sikka et a1 1982.) 

Our analysis on Ti and Zr has already been reported elsewhere (Gyanchandani et a1 
1989a, 1989b, 1990). By theoretically determining the one-electron structural energy 
differences between the a,  /3, and w structures with reference to the FCC structure, we 
predicted a new w + /3 structural transition in Zr and suggested that this transition is 
the cause of shock discontinuities in it. Subsequently, this transition has been verified 
by Xia et a1 (1990a) using energy dispersive x-ray diffraction with a diamond anvil cell. 
A similar analysis on Ti suggested that no w + p structural transition occurred up to 
26 GPa. This result was confirmed by our diamond cell experiments which showed that 
after the well known initial CY- o transformation at 6 GPa, the w phase continued to 
exist up to 23 GPa, the upper limit of pressure in our experiments (Gyanchandani et a1 
1988). This led us to agree with Al’tshuler et a1 (1981) that the initial segment of the Us- 
Up plot of this material is not well established. This has since then been confirmed 
experimentally (Shaner 1989). Furthermore, the detection of /3 phase in the shock 
recovered samples of Ti was ascribed by us to heterogeneous heating of Ti subjected to 
a high strain rate. The locally heated shear bands could take the material to the high 
temperature /3 phase. The presence of shear bands in Ti has also now been verified (Holt 
et a1 1989). Heartened by these successes of the one-electron theory, we have now 
applied the same calculational technique to Hf, for which very recent static pressure 
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Figure 1. Structural energy differences for 
Hf. The dottedcurveisshifted withrespect 
to the calculated curve for the w phase. 

measurements up to 252 GPa show an a+ w transition at 38 k 8 GPa and an w --$ /3 
transition at 71 L 1 GPa (Xia et a1 1990a). 

First, we give a brief summary of the computational technique. We have employed 
the Andersen force theorem to obtain the changes in total energy (Pettifor 1976,1978, 
Pettifor and Varma 1979, Mackintosh and Andersen 1980).'This theorem states that the 
difference in total energy, at a constant volume, between two structures (say I and 11) 

is given by the differences in the sum of the one-electron eigenvalues, provided we 
use for structure I1 a frozen potential, obtained from a self-consistent calculation for 
structure I. A muffin-tin contribution is also added. This corrects the electrostatic energy 
for the non-sphericity of the Wigner-Seitz cell and is important for the relatively less 
close-packed w structure. The required self-consistent band structures and eigenvalues 
were evaluated in our case by the linear muffin-tin orbital method (Andersen 1975, 
Skriver 1984). We included all relativistic contributions except spin-orbit, employed 
the exchange correlation potential of Von Berth and Hedin, and retained all angular 
momentum components up to 1 = 2. The electronic configuration employed for Hf was 
(Xe) 4f14 ( 5 d 6 ~ 6 p ) ~  and the electronic states of (Xe)4f14 were kept 'frozen'. The self- 
consistency was carried out such that the change in electronic pressure from the last 
iteration to the previous one was less than 0.1 GPa. As in the case of Ti and Zr, equal 
atomic radii were assumed for the two non-equivalent atoms in the w phase, which has 
the A1B2simple hexagonal structure (Gyanchandani 1989a, 1989b, 1990). The c /a  ratios 
for a (1.582) and w (0.614) structures were kept fixed for all compressions (see also Xia 
et a1 1990a, b). The valence bands were sampled at 240, 285, 392 and 275 points per 
irreducible wedge of the Brillouin zone for FCC, BCC, HCP and w structures, respectively. 
The energy differences are accurate to within 0.5 mRyd. 

Computed structural energy differences at OK for the a, p ,  and w phases with 
reference to the FCC phase are displayed in figure 1. It shows that the a phase remains 
the lowest energy structure from the normal volume to the compression of u / u o  = 0.78 
and 51 GPapressure. Beyond this compression, the p structure becomes the most stable. 
This predicted structural sequence (HCP-BCC) is in contrast to HCP-w-BCC observed in 
experiments. This disagreement may be attributed to: (i) the approximation of equal 
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atomic spheres for the two non-equivalent atoms in the structure, and (ii) to the inad- 
equacy of the atomic sphere approximation for the less close-packed o structure. 
Consequently the Madelung correction will be less accurate. However, if we move the 
o curve by 3mRyd (see figure 1) which is 6% of the Madelung correction, we get 
agreement with the experiment so that the crystal structural sequence in Hf is also a- 
w-p. A similar procedure in Cs IV (McMahan 1984) and a-U (Skriver 1985) had to be 
followed to produce agreement with experiment. To this extent the current one-electron 
methods are deficient for phase stability analysis. 

The transition to /I phase in Hf at higher pressures as in the case of Zr is in line with 
the correlation between crystal structures and the d electron population in the transition 
metal series (Pettifor 1977). It may be noted that the d occupancy increases with pressure 
in these group IV elements and the next element in each of the series is in the BCC phase. 
The occurrence of the w and /I phases in Hf at higher pressures than in Zr  may also be 
understood as the d electron number in Hf is 2.33 as compared to 2.54 in Zr at normal 
volume. Again, the transition pressure of the a + w phase change is close to the pressure 
of the shock discontinuity in this material. This suggests that the shock anomaly in this 
material near 40 GPa (44.5 GPa, according to Al’tshuler et a1 1981) occurs due to this 
a-, w phase transition. 
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