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APPLICATION OF HIGH PRECISION BAND STRUCTURE CALCULATIONS
TO THE EQUATION OF STATE FOR BERYLLIUM OXIDE:
SESAME EQUATION OF STATE NUMBER 7512

by

J. C. Boettgrr and J. p. Wills

ABSTRACT

High precision clectronic band structure calculations for BeO have revealed a large volume
. discontinuity structural phase transition ¢:n the () K isotherm at about 1 Mbar. Although, this tran-
sition has not been observed experimentally, the accuracy of the calculations is such that the
existence of this transition is unambiguous. A transition of this magnitude is likely to have a sub-
stantial impact on hydrodynamic simulations involving BeO. Here we repon the creation of a
new SESAME equation of state for BeQ which incorporates the effect of the theoreticaily deter-
mined phase transition. This new EOS will be added to the SESAME library as material number
7612.

Beryllium oxide (BeQ) is of great interest to scientists for diverse reasons. First, there is a
basic interest in BeO due to its unique position as the lightest of the 11-VI compounds (a3 very
important class of compounds in general). BeO is also of considerable interest 10 material scien-
lists because of its basic properties (high thermal conductivity, low electrical conductivity,
piezoelectric properties, ligh't ceramic. etc.). In addition, BeQ is of great tgchnological importance
as a moderator in nuclear reactors. For these reasons, BeO has been of recurring interest to
SESAME equation of state (EOS) library users. and it is important that the EOS for BeO should
be revised as new data becomes available.

Existing Bcd EOS's in the library have been called into question by recent theoretica: evi-.

dence for a large volume discontinuity phase transition at high pressures from the ambient wun-

zite (B4) structure to the more dense rocksalt (B1) phase.!? Two separate investigations have



predicted such a transition but have disagreed as 10 the calculated transition pressure (217 kbar
using the pseudopotential method? and about 400 kbar using the potential induced breathing
method?). In an wttempt to resolve this discrepancy, we have performed a high precision first prin-
ciples calculatic- of the 0 K isotherm for BeO using the full potential linear mutfin-tin-orbitals
(FLMTO) band < ucture method. (The FLMTO method is substantially more reliable than either
of the methods used previously tn study BeQ.) In owr investigation, we considered both the B4
and B1 phases, and slightly adjusted our final results to ensure that the ambient density is repro-
duced. (Details of our calculations will be published elsewhere.)

Figure 1 shows our calculated pressure vs. density curves (0.9 < pipy < 2.0) for the individual
phases and for that mixture of phases which minimizes the Gibbs free energy. (Figure 2 shows
the pressure vs. density curve over the full range of densities treated in the FLMTO calculations.)
It is apparant trom Fig. | that the B4 — B1 phase transition occurs at about 940 kbar (2100 Kkbar)
and involves a volume collapse of roughly 129. Such a large volume change can be expected to

~have a significant effect on hydrodynamic simulations and should not be neglected. The full
impact of this transition on simulations can be better judged by calculating the Hugoniot for BeO
and comparing it with the experiment. However, such a Hugoniot calculation requires a complete
SESAME EOS for BeO. Fortunately, the standard form for SESAME EQOS’s is such that it is
straightforward to generate a global EOS which incorporates the new 0 K isotherm.

In the SESAME library, the EOS’s are partitioned into three terms for the pressure P and the

internal energy E:

P(p.T)=P.(p)+ Pa(p.T)+ P (p.T) - ()

EpT)=E.Ap)+ Ea(p.T) + Eo(p.T) (2)

where p is the density and T is the temperarure. The subscripts ¢, n, and ¢ denote the contribu-
tons due to the cold curve (zerc iemperaturc isotherm), the nuclear motion, and the thcrmal elec-
tronic excitations. It is thus possible to eat each term independently using any desired model. In

the present case. we want to form a global EOS for BeO which incorporates our FLMTO results



into the cold curve.

For our Hugoniot calculation. we first formed a new cold curve for BeO by using the general
purpose SESAME EOS computor program GRIZZLY* to extend our 0 K isotherm into the
expanded region by attaching .a Lennard-Jones type tail.! and into the compressed region by
smoothly switching over to a mixed Thomas Fermi Dirac (TFD) cold curve®” at high compres-
sions. A composite global EOS for BcO was then formed by using the nuclear and electronic
thermal contributions from an already cxisting EOS for BcO (SESAME muterial number 7611%),
The models used for those pants of the EOS were described in Ref. 1.

Figure 3. compares a U, vs. U, Hugoniot curve calculated from our compout: BeQ EOS

(solid line) with cxperimental data.® (Note that in the mixed phase region the theoretical curve
ignores two-wave cffects and cannot be considered to have any real interpretation.) The theoret-
cal curve is in good agreement with the experimental data for the range 1 2 < i; < 1.0 knve andd
for the sound speed at U, = 0.0. The remaining data is dominated by strength effects which are
not considered in the theoretical curve. Thus, overall, the agreement with experiment is quite
good for the composite EOS (solid line).

The large impact of the BeO phase transition on the Hugoniot is cvident in Figure 3. Unfor-
tunately. although the existence of the phase transition and its large impact are unambiguous, the
detailed behavior of BeO in the mixed phase region is not enurely cenain. First, it is possible that
the predic*ed transition pressure could be off by as much as 100 kbar. Even if the calculations
were perfect, the actual ransition under shock loading could be delayed due to metastability of
the B4 phase beyond the equilibrium B4-B1 boundary. It is also likely that in the mixed phase
region. the general shope of the real U, v2. U, curve could be dramatically differcnt from that in
Fig. 3. Examples of both of the latter phenomena have been observed in the quartz—st:hovite
phase transition in silica,” which is qualitatively similar t0 the B4—B1 tansition in BeO.

In spite of the caveats just discussed, the new EOS for BeO should be more realistic than any

of whe existing EOS’s in the SESAME library. However, rather than simply entering the EOS just



discussed into the SESAME library, we have chosen to form still another cold curve for BeO
which takes advantage of the experiniental data in the B4 region of the phase diagram, uses the
calculatea 0 K isotherm for the high pressure B) phiase. and does not produce a two-wave struc-
wure in the mixed phase region. To accomplish this, we have constructed a hypothetical U. vs. U,
Hugoniot for BeO which matches the experimental data in the low pressure rezion. matches the
solid line in Fig. 3 for the high pressure region. and connects the two with a horizontal line in the
mixed phasz region. That hypothetical curve is shown in Figure 3 (dashed line) and can be
represented by hve (UL, points: (0.0, 8.4), 294, 12.00, (4 '68. 12.00, (64414, 144932,
18.78033, 17.5607), all in ks,

Using the CHUG option in GRIZZLY. we have genersted a new cold curve for BeO by
removing thermal contributions trom the Hugoniot defined oy the dushed line in Fig. 3. That cold
curve has then been combined with the nuclear and clectronic thermal contributions taken from
material number 7611 to form a new global EOS for BeO which will be added to the SESAME
library as material number 7612. Figure 4 compares th cold curve tor 7612 with that for 7611.
Again, the enormous impact of the B4—B1 phase transition is obvious. Even at the highest pres-
sures shown in Fig. 4 (about 15 Mbar), the new cold curve pressure is about 20% lower than that
for 7611.

Although there are many unresolved questions about the actual behavior of BeO in and near
the mixed phase region (0.8-2.0 Mbar), 7612 should be vastly superior to 7611 (and 7610) for
P >2 Mbas. Thus, 7612 should be the BeO EOS of choice for most psoblems. For applications
which are dependent on the EOS of BeO in the mixed phase region. users should consider doing
comparative runs using 7612 and 7610 to determine the impact of the EOS’s on their results. We

also encourage further experimental research ou; B=O in that range.
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Figure 1 - The pressure vs. density points calculated via the FLMTO method for the B4 and Bl
phases of BeQ. The solid line is the 0 K isotherm which minimizes the Gibbs free energy.
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Figure 2 - Calculated 0 K isotherm for BeO obtamned with FLMTO calculations.
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Figure 3 - The calculated principal Hugoniot for BeO (solid line) is compared to the experimental
data of Ref. 6. Also shown is the straightline fit used in generating material number 7612 (Jashed

line).
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Figure 4 - Cold curves are shown for material numbers 7612 (solid line) and 7611 tdashed line).
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