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Ab initio calculations of the thermodynamic properties of LiF crystal
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This paper presents results obtained in ab initio calculations of the thermodynamic properties of B1 and B2
lithium fluoride under pressure. The data were used to calculate LiF isotherms and isochors at pressures from O to
500 GPa and temperatures up to the melting point. Calculated results are compared with available theoretical and
experimental data on the shock and static compression of LiF crystal. Based on the analysis of our calculations
and available experimental data, a hypothetical (P,T) diagram of LiF which includes the crystalline phases B1

and B2 and liquid is proposed.
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I. INTRODUCTION

Interest in lithium fluoride comes from its wide use in
experiments on the shock and static compression of different
materials. Lithium fluoride is a chemically stable, optically
transparent insulator which melts at a high temperature. It
remains transparent when shocked to at least P ~ 200 GPa,!-3
which makes it possible to measure properties of various
materials in a wide range of pressures using LiF windows.
As shown in Ref. 4, in static measurements on a diamond
anvil cell, LiF can be used as a pressure-transmitting medium
and a pressure calibrant.

Under ambient conditions LiF has the B1 crystal structure
(NaCl type). The structure remains unchanged under pressures
up to ~100 GPa and temperatures to the melting point.*> The
elastic properties of LiF at ambient pressure were investigated
in considerable detail in a number of papers under both low
and high temperatures.® Its equation of state was investigated
in static experiments at temperatures from room temperature
to ~1000 K and pressures up to 37 GPa in Refs. 4 and 10-12.
LiF crystals were actively studied in shock experiments
too.'=313-16 LiF shock compression to ~485 GPa was studied
in Refs. 14 and 15. Using data from these experiments it
was determined that LiF melts under shock compression at
P,, = 280 GPa, T,, = 6000 K.'3 Tt should be noted that these
values correspond to the end of the melting of shocked LiF. The
point!> markedly disagrees with the melting curve measured
in diamond anvil experiments.’> As shown in Ref. 17 with the
molecular dynamics (MD) simulation, this disagreement can
be removed if a Bl — B2 (CsCl type) structural transition is
allowed to occur in LiF.

In contrast to experimental investigations, calculations of
LiF properties, especially under pressure, are rather few. The
papers in Refs. 18-20 investigate the electronic structure and
properties of LiF in its ground state using the Hartree-Fock
method and the density-functional approach in a local-density
approximation. The optical properties of shocked LiF were
studied with ab initio MD in Ref. 21. A melting curve
with the structural transition B1 — B2 under pressure was
calculated with classical MD in Ref. 17. Results of that work
allow removal of the previously mentioned discrepancy in the
determination of the melting curve in different experiments.

Here we describe ab initio full-potential linear muffin-
tin orbital (FP-LMTO) calculations taken to obtain elastic
constants and a number of thermodynamic properties of LiF in
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a wide range of pressures, which will help us more completely
and accurately describe the processes that occur in LiF under
pressure. We investigate two LiF modifications: B1 and B2. We
also study the possibility of the structural B1 — B2 transition
under pressure. Calculated and experimental results were used
to construct a hypothetical (P,7T) diagram of LiF which
includes B1 and B2 structures and liquid.

II. CALCULATION METHOD

The dependence of specific energy on volume and cell
shape at T = 0 K was calculated with the full-potential linear
muffin-tin orbital method?? (the LMTART code package?® with
a few modifications?*). Lithium fluoride was investigated at
compressions 9/ from 0.909 to 3.333. Hereafter oo = 1/ V
is LiF density at ambient pressure and 7' = 300 K; here V) =
55.04 a.u./atom is the specific volume from experiment.?’
Pressure was found through numerical differentiation of
specific energy vs volume.

In our calculations, only 1s electrons of the fluorine atom
were treated as core electrons; all the rest were valence
electrons. All electrons of Li were treated as valence electrons.
The Barth-Hedin functional®® with gradient corrections?’ was
used to calculate the exchange-correlation energy. To ensure
high accuracy of the calculated specific energy, we thoroughly
selected parameters of the method proposed in Ref. 22. For
both lithium and fluorine, the s, p, and d functions were
included in the basis of the wave-function representation
(15 = 2);in potential and charge density expansions we used

max
I = 6; and in the reexpansion of basis functions [* = 6.

max max
Foar each element, eight linearization centers and thraee tail
energies were taken in accord with the algorithm described
in Ref. 24. For the representation of the s, p, and d basis
functions in the interstitial region, we used the same number
of plane waves: about 2420 (cutoff energy 110 Ry). This value
slightly changed when the shape of the unit cell changed, but
was always greater than 2000. A mesh of size (30,30,30) was
used for the fast Fourier transform. The mesh for integration
in reciprocal space with the linear tetrahedron method®® was
constructed in the prism-shaped Brillouin zone by dividing
each edge into the same number of sections, n; = 10.

Elastic constants were calculated from the second
derivatives of the specific energy with respect to chosen
strains. A detailed description of the method we used here
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TABLE I. Calculated Vj, By, Bj, C’, Cu4, and ©p for Bl LiF in
comparison with experimental data (RT denotes room temperature
experiment).

Calculation

T=0K Experiment
Vo (a.u./atom) 54.90 55.04, 55.48" (RT)
By (GPa) 73.8 73.0* (RT)
B 3.76 3.90* (RT)
C’ (GPa) 41.3 41.1°(T =0K)
Cy4 (GPa) 66.0 64.9° (T =0K)
®p (K) 736 734% (T = 0K)

to calculate elastic constants under pressure can be found in
Ref. 29. The thermal motion of nuclei was considered with
the modified Debye model described in Ref. 30. In that model
its contribution to thermodynamic functions is expressed with
only one parameter: Debye temperature ® p, that is defined by
the mean sound velocity in the crystal®! and depends only on
volume. The mean sound velocity can be found from the elastic
constants.?"

III. RESULTS

To verify accuracy of our calculations, we first calculated
a number of parameters for LiF at ambient pressure and
zero temperature and then compared them with available
experimental data. The parameters included specific volume
Vo, bulk modulus By and its pressure derivative By, elastic
constants C' = (Cy; — C12)/2 and Cy44, and Debye tempera-
ture ®p for the structure B1 of LiFat P =0and T =0 K.
Table I compares calculated and experimental results. It is
seen that the values we obtained in calculations agree well
with the experimental ones, which proves that our calculations
are rather accurate.

Then we calculated specific energy vs compression for the
B1 and B2 structures at 7 = 0 K and o/00 = 0.909 =+ 3.333.
The cold pressure for both structures was calculated through
the numerical differentiation of energy. With the resulted
energies and pressures, we determined Gibbs potentials
G =E + PV forthe BI and B2 structures at zero temperature.
Figure 1 shows these potentials plotted relative to the Gibbs
potential of the B1 structure. It is seen from Fig. 1 that
at T =0 K, the Bl structure is more thermodynamically
stable in the entire pressure range from 0 to 1000 GPa.
At pressures above ~100 GPa, the difference between B1
and B2 potentials only grows. The band gap of the Bl
structure at P =0, T = 0 K, was calculated to be ~9 eV,
which agrees well with the value calculated in Ref. 21 and
is about 30% lower than the experimental 13.6 eV.*> Our
calculations show that under pressures up to 1000 GPa and
temperature 0 K, the two lithium fluoride structures (B1 and
B2) maintain a good dielectric with a band gap larger than
9eV.

Further, we calculated elastic constants for B1 and B2 LiF
at T =0 K. Figure 2 shows the dependence of the elastic
constants C” and C44 on compression. The B1 structure is seen
to be mechanically stable in the entire range of compressions;
its elastic constants are monotonically increasing. The B2

PHYSICAL REVIEW B 83, 014109 (2011)

30} ]
_ B2
£
[e]
B 20f ]
T
E
2 10} ]
0 B
0 200 400 600 800 1000

Pressure (GPa)

FIG. 1. Gibbs potential difference AG = G p,—G p; VS pressure
at T = 0 K for considered structures of LiF (the contribution of
zero-point vibrations is not taken into account).

structure, in turn, is mechanically unstable at o/0p < 1.6
(P < 90 GPa) relative to the shear deformation which defines
Cy4. The values of C;;, C2, and Cyq4, calculated in this work,
are presented in Table II for structures B1 and B2.

Figure 3 shows isotherms 300 K and 985 K calculated for
the B1 structure in comparison with experimental data.* This
figure also depicts the cold curve for LiF (T = 0 K). The
isotherms are seen to agree well with experiment. A minor
overestimation of pressure on the isotherms is almost identical
for both considered cases.

We also calculated LiF Hugoniots in (P,T) and (P,0/00)
coordinates. Figure 4 shows the Hugoniot of the B1 structure
in (P,T) coordinates along with similar data obtained with
the ab initio MD method?' and available experimental data.'>
The curve is seen to agree well with MD calculations?! and
with data from Ref. 15 that were obtained through treatment
experimental data with the Mie-Griineisen equation of state.

Figure 5 presents the Hugoniot in (P,0/0¢) coordinates.
Closed circles show the experimental points from Refs. 14
and 34 that correspond, in their authors’ view, to the liquid
phase of LiF. It is seen from the figure that the Hugoniot agrees
well with experiment at compressions below o/0p ~ 1.6
(P =~ 110 GPa). At higher compressions, the deviation of the
experimental points'*3* from our curve and from points
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FIG. 2. Calculated elastic constants vs compression for the B1
(solid line) and B2 (dashed line) structures of lithium fluoride at
T =0K.
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TABLE II. Values of Cy, C}3, C44, and pressure P (in GPa) from our calculations for the B1 and B2 structures at different specific volumes

and 7T =0K.
0o/0 Ci Cpp Cu P

B1 structure
1.10 74.832 33.310 62.715 —5.868
1.05 98.643 38.958 63.834 —3.408
1.00 127.38 45.947 65.803 —0.186
0.95 162.86 53.332 69.688 3.9594
0.90 207.70 62.861 74.632 9.3857
0.80 335.95 89.168 87.434 25.802
0.70 548.63 131.23 106.06 54.830
0.60 921.87 202.82 135.29 108.74
0.50 1627.0 334.24 185.48 216.25
0.40 3105.3 601.82 287.42 454 .24
0.30 6657.2 1178.5 525.91 1071.6

B2 structure
1.10 217.78 —38.33 —29.22 —5.971
1.00 276.31 —28.79 —29.53 —0.314
0.90 356.66 —10.49 —25.73 9.2935
0.80 480.63 20.051 —19.99 25.868
0.70 677.80 74.331 —8.500 55.370
0.60 1010.7 175.03 14.579 110.49
0.55 1266.1 257.06 32.965 155.74
0.50 1618.6 374.61 60.034 221.12
0.45 2119.0 547.64 99.289 318.26
0.40 2854.6 810.37 156.93 467.60
0.35 3974.3 1224.0 244.80 707.97
0.30 5724.4 1863.8 376.75 1112.0

obtained in Ref. 21 becomes noticeable. Calculations sys-
tematically overestimate values of the pressure between
0/00~1.7 and o/0p ~ 1.95. According to data from Refs.
14 and 15, at pressures below ~250 GPa (o/00 < 1.95)
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FIG. 3. Isotherms 300 K and 985 K for the B1 structure obtained
in calculation (solid line) and in static experiment (Ref. 4): circles,
T = 300 K; squares, experimental data for temperatures 980-990 K.
The dashed line shows calculation at 7 = 0 K without zero-point
oscillations.

lithium fluoride is still in a crystalline state and does not
melt. Moreover, when a strongly compressed material melts,
significant deviation of the Hugoniot is not usually observed,
which is also seen in Fig. 5. But, as shown in Ref. 35, for
example, in the case of Fe and KCIl, polymorphous transitions
often cause breaks in Hugoniots. As mentioned in Refs. 14
and 17, the polymorphic B1 — B2 transition may occur in LiF
under high pressures and temperatures.
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FIG. 4. LiF Hugoniot in (P, T) coordinates: The solid line shows
our calculation for the B1 structure; [, results of ab initio MD
calculations for the B1 structure (Ref. 21); and O, results obtained
from the processing of experiment (Ref. 15).
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FIG. 5. LiF Hugoniot in (P,0/0¢) coordinates: The solid line
shows our calculation for the B1 structure; <, ab initio MD
calculations for the B1 structure (Ref. 21); O, experiment (Ref. 13);
A, experiment (Ref. 14); O, experiment (Ref. 33); ®, experimental
points from Refs. 14 and 34 that correspond, in the authors’ view, to
the liquid phase of LiF. The dashed line is the parabolic approximation
of experimental points at /0o > 1.7.

To estimate the possibility of the structural B1 — B2
transition in lithium fluoride under pressure and nonzero
temperature, we determined the interface of these structures
in (P,T) coordinates. Figure 6 presents the B1-B2 phase
boundary together with available experimental data on the
melting curve of LiF>!> The solid line shows the B1-B2
interface and the dotted one shows the boundary of a region
where the B2 structure is mechanically stable in our calcu-
lations. The boundary of mechanical stability was evaluated
from the relation Vg,(P,T) = V), where V, is the specific
volume at which Cy4 =0 at T = 0 K. Our thermodynamic
model is not sufficiently accurate near this boundary because
of our not accounting for the variation of elastic constants with
temperature in the region where material loses mechanical
stability. The dashed line in Fig. 6 shows the Hugoniot of the
structure B1 from our calculations.
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FIG. 6. B1-B2 phase boundary (solid line) and B1 Hugoniot
(dashed line) from our calculations. Here O shows the melting curve
from experiment (Ref. 5) and A shows the experimental shock melting
point from Ref. 15. The insertion shows Gibbs potential difference
AG vs pressure at 7 = 2000 K for B1 and B2 LiF. The dotted line
shows the boundary of mechanical stability of the structure B2.
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As seen from Fig. 6, there is a region on the
(P,T) diagram where the B2 structure is more thermo-
dynamically favored than the B1 structure. A part of
this region is below the experimental melting curve. At
temperatures below ~1500 K, the B1 structure is thermo-
dynamically favored in the entire range of pressures under
consideration. However, when temperatures become higher
than 1500 K and at pressures above 100 GPa, the structural
B1 — B2 transition occurs in LiF. At high compressions, the
elastic constants of the B2 structure are softer (Fig. 2) and
its Debye temperature is therefore lower. In Fig. 7 solid lines
show Debye temperatures we calculated for the B1 and B2
structures at 7 = 0 K. The difference in ® p is seen to be rather
large in the entire range of compressions. For o/0¢ = 3.333, it
equals ~400 K.

Unfortunately, since the B2 structure is mechanically
unstable at o/09 < 1.6 and zero temperature, we cannot
determine ®p, for it and obtain thermodynamic functions with
the thermodynamic model from Ref. 30. It is also quite evident
that temperature must be of effect on the elastic constants and
Debye temperature.”® Furthermore, it seems quite possible
that the B2 structure stabilizes at low compressions and
T > 0 K, as it happens with, for example, bcc titanium.3037
All this is not considered in our thermodynamic model.
Nevertheless, using available experimental and theoretical
results, we can construct a hypothetical (P,T") diagram of
LiF if we correct (within calculation accuracy) calculated
compression dependencies of Debye temperatures at
T > 1100 K, as shown in Fig. 7.

In order to correct ®p(0/0p) for the B1 structure, we
used experimental data from Refs. 7-9 on the temperature
dependence of elastic constants, and data from Ref. 38 on
the temperature expansion of LiF at ambient pressure. The
extrapolation estimate of ®p at 7 = 1100 K and /09 = 0.886
we obtained using Refs. 7 and 38 equals ~460 K. The values
of ©p calculated from different experimental results’™ differ
by no more than 10% at 7 = 1100 K. Also, it seems quite
reasonable to assume that the effect of temperature on ®p
will weaken as compression grows. Therefore, the curves
®p(o/00) for zero and nonzero temperatures must get closer
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FIG. 7. Calculated Debye temperatures for the B1 and B2
structures of lithium fluoride: the solid lines show ®p at =0 K
and the dashed ones show the ®p corrected for high temperatures
(T > 1100 K, see text).
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FIG. 8. A hypothetical phase diagram of lithium fluoride: The
solid line shows the calculated diagram, the dashed one shows the
calculated Hugoniot, and the dotted line shows the boundary of
mechanical stability of the structure B2. Here O shows the melting
curve by data from experiment (Ref. 5) and A shows the experimental
shock melting point from Ref. 15.

during compression (Fig. 7). In order to correct ®p for the
B2 structure, we used experimental data from Ref. 14, having
assumed that Hugoniot points (Fig. 5) at 1.6 < 0/00 < 1.9
correspond to the B2 structure. The dependence ® p(o/00) was
taken to be such as to reproduce the experimental Hugoniot at
0/00 > 1.6."* The new curve ©p(0/0o) obtained for the B2
structure is shown in Fig. 7.

Figure 8 presents a hypothetical phase diagram of lithium
fluoride which was constructed using the corrected Debye
temperatures. Here the solid line shows phase boundaries, the
dashed line shows the Hugoniot calculated for the B1 structure,
and the dotted one shows the boundary of mechanical stability
of the B2 structure which is now above the melting curve.
The melting curve was obtained through fitting experimental
data to the Lindeman formula, 7,,(V) = CV?*3®7(V), where
®p(V) is the corrected dependence of Debye temperature
on volume (C = 1.89 x 10™*). It is seen from Fig. 8 that
the calculated melting curve agrees well with experimental
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FIG. 9. Lithium fluoride Hugoniot: the solid and dashed lines
show the Hugoniots calculated for the B1 and B2 structures,
respectively, with the dependencies ®p(0/0¢) corrected for high
temperature (see text). Experiment: OO (Ref. 13), A (Ref. 14),
O (Ref. 33).
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FIG. 10. Estimated longitudinal V, and transverse V; sound
velocities versus pressure on the Hugoniot in polycrystal LiF (the
solid lines) and mean sound velocity Var®' in single-crystal LiF (the
dashed line) with the structural B1 — B2 transition. The dotted line
shows a pressure on the Hugoniot at which the transition occurs in
our calculations.

data. The presence of the B2 structure at high pressures and
temperatures allows us to bring melting curves from static
and shock experiments into agreement. A similar result was
obtained in MD calculations.'” The Hugoniot crosses the B1-
B2 phase boundary at P &~ 140 GPaand T ~ 3100 K. Figure 9
shows the calculated Hugoniot in (P,0/0¢) coordinates with
the structural B1 — B2 transition. The change in volume is
about 2.5% at this transition.

Confirming that the structural transition on the LiF
Hugoniot is possible requires further calculations, taking into
account the lack of our thermodynamic model** and ex-
periments. The most useful here could be experiments for
sound velocity in shock-compressed LiF at P > 100 GPa. The
estimated dependence of sound velocity on pressure on the
Hugoniot with account for the structural B1 — B2 transition
is shown in Fig. 10. Here V, and V; are longitudinal and
transverse sound velocities in polycrystal LiF, determined with
the code,* and V' ¢ is a mean sound velocity in single-crystal
LiF3! All the velocities we calculated are seen to noticeably
change in values on the boundary of the structural B1 — B2
transition and therefore can be observed in experiment. It
should also be noted that the transition is accompanied by
the lowering of sound velocities V), and V; in polycrystal and

V;Vngl in single-crystal LiF.

IV. CONCLUSION

This paper has presented elastic and some thermodynamic
properties of the crystalline structures B1 and B2 of lithium
fluoride, obtained in ab initio calculations. The calculated
elastic constants, isotherms, and Hugoniot agree well with
experiment. A hypothetical (P,T) diagram of LiF in a wide
range of pressures and temperatures was constructed with
the use of available calculated and experimental data. It
is shown that the B2 structure is more thermodynamically
favored at P > 100 GPa and T > 1500 K. The pressure
and temperature at which the Hugoniot crosses the boundary
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between the structures B1 and B2 were estimated to be
P ~ 140 GPa and T =~ 3100 K. It was also evaluated how
the velocity of sound on the Hugoniot changes in the
presence of the B1 — B2 transition in polycrystal and single-
crystal LiF. The change in the sound velocity must be more
than 10%.
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