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Similarities between the pressure dependences of the elastic constants of BaF, and RbI sug-
gested that a pressure-induced phase transition should obtain in BaF,. This transition has
been observed. With increasing pressure at 295 °K the transition occurs at 26.8 kbar. The
transition pressure decreases with increasing temperature, and at sufficiently high pressure
the transition can be induced by raising the temperature. The possible lattice dynamical na-
ture of the transitions in RbI and BaF, is discussed.

I. INTRODUCTION
The study of phase transitions in solids and the
interpretation of such transitions in terms of the

dynamics of the crystal lattice are of prime impor-
tance. The general conditions for lattice stability
are discussed by Born and Huang.! One distin-
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guishes between stability with respect to (i) homo-
geneous deformations (i. e., long-wavelength modes)
and (ii) small deformations. In either case, the
limit of stability against a particular mode is ap-
proached as the corresponding frequency decreases
and approaches zero.

This connection between lattice stability and the
behavior of the normal modes has received much
recent attention, especially in connection with fer-
roelectric and antiferroelectric crystals where
there is now direct experimental evidence that the
transitions which occur in such crystals are as-
sociated with the softening of the frequencies of
certain lattice vibrational modes.? Much less has
been done on an important class of phase transitions
which occur in relatively simple ionic crystals.
The best example of this type is the NaCl - CsCl
(structure types) transition which occurs in several
of the alkali halides with either increasing temper-
ature (e.g., the CsCl—~NaCl transition in CsCl) or
increasing pressure (e.g., the NaCl—CsCl tran-
sition in RbI and KCl). Of these, the pressure-
induced transition in RbI has received the most at-
tention, and certain speculations concerning its
lattice dynamical origin have been made (as dis-
cussed later),

Recent studies® of the effects of pressure on the
elastic constants of CaF;, and BaF, have shown that
for BaF, a number of key features are qualitatively
similar to those observed in similar measurements
on RbI. These features suggested to us that a pres-
sure-induced transition should obtain in BaF,. We
have since observed such a transition,* After com-
pletion of the present work a paper by Dandekar and
Jamieson appeared® in which evidence is reported
for pressure-induced transition in BaF, as well as
CaF; and SrF,. The evidence is based on high-
pressure x-ray diffraction measurements utilizing
a Bridgman anvil apparatus. The transition pres-
sures were not accurately determined., It was also
brought to our attention that evidence for a phase
transition in BaF, was reported by Minomura and
Drickamer® from optical high-pressure measure-
ments. In the present paper we shall (i) outline
the available evidence based on elastic constants
which suggested the transition, (ii) present the
experimental results, and (iii) discuss the possible
lattice dynamical origin of the transitions in RbI
and Bano

II. PRESSURE DEPENDENCE OF ELASTIC CONSTANTS

Table I shows the logarithmic pressure deriv-
atives for several elastic constants for BaF, and
RbI. Similar results for CaF, and NaCl are listed
for comparison., Also shown are the corresponding
so-called “mode y’s” defined by

_ dlny;
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where v; is the mode frequency and V is the volume.
The v;’s are related to the Griineisen parameter

and express the effect of dilation of the lattice on
the frequencies of the various modes. They are
simply obtained from the known pressure derivatives
of the elastic constants and the volume compres-
sibility. ”

Examination of the data in Table I reveals the
following: (i) For the alkali halides, (dInC,,/dP)
and the corresponding y(C,,) are small, and they
are negative for Rbl. Negative values of these
quantities imply a softening (i. e., decrease of
stability) of the lattice under compression with re-
spect to deformation of the C,, type. RbI transforms
from the NaCl to the CsCl structure at ~4. 0 kbar.

(i) For TaF, and BaF,, (d1nC’/dP) and the cor-
responding v(C’) are small, and they are negative
for BaF,. C’ is one of the shear constants for wave
propagation in the [110] direction, the other shear
constant being C,,.

The significance of these observations is the
more important for the present purposes because
the property of the C’ constant in the fluorite (i.e.,
CaF,-type) lattice, in which BaF, crystallizes, re-
sembles that of the C,, constant in the NaCl lattice. *
The relative displacements between near neighbors
associated with C’ of CaF; and C,4 of NaCl are
somewhat similar.

One further related observation is of interest.
The temperature dependence of the elastic constants
at constant pressure is made up of the sum of a
pure temperature (i, e., volume-independent) con-
tribution and a pure volume contribution, i.e.,

<,ﬂf§11) ) (d lnC”> a (d InC “> , @
i Jp dT J, dlnV /.
TABLE I. Values of the logarithmic pressure deriva-

tives (in units of 102 kbar~!) and the corresponding mode
v’s for several adiabatic elastic constants of NaCl,

RbI, CaF,, and BaF,. Cj; and C’ are, respectively, the
longitudinal and one of the shear constants for propaga-
tion in the [110] direction, and the notation is C}; = 3(Cy
+Cp+2Cy) and C’' =3(Cyy— Cyp).

NaCl? RbI® CaF,® BaF,°

(d InCyy/dP) 23.9 52.5 3.69 5.24
Y(Cyy) 2.62 2.61 1.34 1.32

(d InCy/dP) 2.9 —17.8 3.90 3.03
Y(Cyy) 0.17 - 1,13 1.43 0.69

(d InC}y/dP) 16.6 39.5 4,173 6.24
Y(CY 1.78 1.43 1.76 1.61
(d InC’/dP) 26.3 55.5 1.42 -0.70
v(C") 2.91 2,77 0.41 —0.36

2values taken from R. A. Bartels and D. E. Schuele,
J. Phys. Chem. Solids 26, 537 (1965).

byalues calculated from data in Refs. 7 and 15.

®values taken from Ref. 3.
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where « is the volume thermal-expansion coef-
ficient. Unlike the case for the other C;;’s in Ta-
ble I, for both C,4 of RbI and C’ of BaF, the mea-
sured quantity®? (d1nC;,/dT)p is largely determined
by the volume-independent contribution (d InC;,;/dT) .
This latter contribution arises from anharmonic
effects, which thus play an important role in de-
formations of the Cy4 type in RbI and the C’ type
in BaF,.

The above-mentioned similarities in the elastic
properties of RbI and BaF, motivated the search
for the pressure-induced transition in BaF, which

was observed in this work.

III. EXPERIMENT AND RESULTS

The transition was studied by measuring the change
in the dielectric constant (capacitance) and dielec-
tric loss of BaF;, samples as functions of pressure
and temperature. Samples were in the form of
slabs (0. 5-1.0) cm?®x (0. 05-0. 07) cm thick cutfrom a
large single crystal obtained from the Harshaw
Chemical Co. Aluminum electrodes were deposited
on the large sample faces by evaporation in vacuum,
The measurements were made in a 30-kbar hydro-
static pressure apparatus using a 50 : 50 mixture
of n-pentane and isopentane as pressure fluid. The
details of the techniques including pressure calibra-
tion were similar to those described earlier.® Pres-
sure was measured to an accuracy >+ 1%.

The change in sample capacitance with pressure
at 295 °K is shown in Fig. 1. A discontinuous in-
crease in capacitance as well as a large increase
in the dielectric loss by a factor > 10° (not shown)
accompany the transition which is observed at 26, 8
kbar. The dielectric constant decreases with in-
creasing pressure in both the low-pressure and
high-pressure phases, and the transition is charac-
terized by a large hysteresis as shown., Our earlier
results on RbI are shown in Fig. 1 for comparison,
and again strong similarities are observed. Mea-
surements on BaF, were also made at elevated
temperatures, and above a certain pressure the
transition can be induced by raising the tempera-
ture. The transition pressure P, decreases with
increasing temperature as shown in Fig, 2. The
open circles represent data taken with increasing
pressure at constant temperature, and the dark
circles represent data taken with increasing tem-
perature at constant pressure. The hysteresis be-
tween forward and reverse transition decreases
with increasing temperature. For example, it has

a value of ~18 kbar at 22°C and ~12. 5 kbar at 150 °C.

The average slope dP,/dT (for forward and reverse
transitions) is = - 2. 6 x1072 kbar/°K below 100 °C
and =~ 2, 2X107% kbar/°K between 100 and 300 °C.
The insert in Fig. 2 shows a schematic temperature-
pressure phase diagram for BaF,.

The transition in BaF; is from the cubic-fluorite
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FIG. 1. Pressure dependence of the static dielectric
constant (capacitance) of BaF, showing the first-order
phase transition at 26,8 kbar and the large hysteresis
associated with the transition. Similar measurements
on RbI are shown for comparison.

structure to the orthorhombic a-PbCl, structure. ®
Both structures contain four molecules per unit cell.
In the fluorite structure (space group Fm3m — 0,°)
each fluorine ion is tetrahedrally surrounded by
four barium ions, and each barium ion is at the
center of a cube of eight equally distant fluorine
ions. In the high-pressure orthorhombic phase
(space group Pbnm-V,!®) the coordination is diffi-
cult to define as the structure is quite distorted.
For example, each barium has nine fluorine neigh-
bors, but the distances are not all equal.? There
is a large volume change at the transition with AV/
Vewie®— 0. 11 at room temperature. ® Since the
transition is of first order, use of this volume change
along with the above value of dP,/dT allows us to
estimate the entropy change from the Clapeyron
equation

dP, AS

T AV (3
Based on an initial (1 bar) volume V,=0. 207 cm®/g
and compressibility « = 1, 73%107% kbar™, the
volume change at the transition is found to be AV
~- 0,022 cm®/g. Using this value of AV and the
initial slope dP,/dT~ - 2.6X 1072 kbar/°K in Eq.
(3) yields AS=~2.4 cal/gmole °K.
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FIG, 2. Temperature dependence of the transition

pressure of BaF,. The data were taken with increasing
pressure at constant temperature (open circles) and with
increasing temperature at constant pressure (closed cir-
cles). The insert shows a schematic temperature-pres-
sure phase diagram for BaF, where the dashed lines are
sketched in, The pressure hysteresis of the transition
decreases with increasing temperature.

IV. DISCUSSION

We now turn to a discussion of the nature of the
transitions in RbI and BaF,. The usual macro-
scopic description of such transitions in terms of
the difference between the free energies of the two
phases (the one with the lower free energy being
stable) although very important, does not provide
any insight into the microscopic nature of the in-
stability, However, the free energy can, in prin-
ciple, be expressed in terms of the atomic param-
eters which occur in the theory of lattice dynamics.
Some lattice dynamical considerations of the phase
transitions in an anharmonic crystal have been
treated by a number of authors.!® For the simple
case of a displacive transition the difference be-
tween the free energies of the two phases is (using
Cowley’s notation!?) given by

AF = D) n* @)

x[w(@? 5,0 + 20dj) DGji’, @=0)] , @

where w(qj) is the harmonic frequency of the nor-
mal mode of wave vector g in the jth branch; D(qjj’,
©=0) is the anharmonic contribution to the self-
energy of the phonons which is a complicated func-
tion of the phonon frequencies and occupation num-
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bers and of the thermal strain; Q is the applied
frequency; 7(qj) is the normal coordinate which spec-
ifies the deformation. It is defined in terms of

the displacement u(Z, &) of the kth atom in the /th

cell from the equilibrium position by

u(?, ») =(Nmk)‘”zzj,n(§j) 8,(q7) ' TRER - (5)
q

Here N is the number of unit cells per unit volume,
my, is the mass, €,(d7) is the polarization vector,
and R(7, %) is the position vector of the ~th atom.
Coupling between the normal modes and the external
strains introduces extra terms into the free energy,
and the strength of this coupling determines whether
the transition is first or second order, *°

Buerger!! proposed a mechanism whereby the
NaCl - CsCl transition results from instability with
respect to finite strain along a [111] direction.

But, because C,4 decreases by only ~10% up to the
transition pressure in RbI, Daniels and Smith” ar-
gued against such a mechanism and instead put forth
the hypothesis that the NaCl structure becomes
unstable by the vanishing of one of the short-wave-
length lattice frequencies in a mode of the C,, type.
In particular, they postulated that the frequency of
the transverse acoustic (TA) phonon at the [100]
zone boundary (ZB) should vanish at the transition
pressure. Theoretical calculations of the disper-
sion relations of RbI by Hardy and Karo!? have
shown that for certain choice of the model param-
eters and by including some short-range three-
body interactions such an instability can obtain
under pressure.

In order to test these predictions, Saunderson'?
measured the effect of pressure on the frequency
v=w/27 of the [100] TA ZB phonon in RbI by in-
elastic scattering of neutrons. A decrease in v
of (3.45x0. 22)% kbar, or ~14% up to the transition
pressure, was observed. Since this is “clearly
far short of the 100% (decrease) required for in-
stability,” this result was interpreted as not sup-
porting the Daniels and Smith hypothesis. Daniels!*
arrived at the same conclusion on the basis of
Hardy and Karo’s results and low-temperature
thermal-expansion data.

It should be pointed out that the above considera-
tions concerning v and C4 overlook a very impor-
tant point, and that is the transition in RbI (as is
also true of BaF,) is strongly first order, and thus
there is no requirement that a soft mode frequency
precisely vanishes in order for a transition to take
place. Theoretical considerations!® show that it is
only for a second-order transition that the frequency
w(q7) of the pertinent mode vanishes at the transi-
tion and, furthermore, for such a transition only
one normal mode of a certain (J7 ) can be involved.
In a first-order transition, on the other hand, gen-
erally more than one mode may be involved and none
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of their frequencies vanish at the transition. Al-
though the details of the theory of first-order tran-
sitions incorporating large homogeneous strain are
complex, the available theory!® suggests that un-
less the frequencies of the pertinent modes are
low, these modes will yield large positive contri-
butions to the free energy [see Eq. (4)], and this
does not favor the transition,

In view of the above, two features of Saunderson’s
results stand out. First is the low value of vy, at
the [100] ZB, namely, 0.67x10' Hz at 1 bar.

This is also shown up in Hardy and Karo’s calcula-
tions and the more recent calculation by Barsch
and Achar.'® Second is the large decrease

(~3. 5%/kbar) of this frequency with pressure,
These features suggest to us that even though an-
other mode (or modes) may be involved, the soft-
ening of the [100] TA ZB mode with pressure plays
an important role in the transition in RbI. It is of
particular interest to note that Barsch and Achar’s
calculations show that for RbI the mode y associated
with the [100] longitudinal-acoustic (LA) ZB mode
is also negative (y=-1. 34), indicating a decrease
with increasing pressure in the stability of the lat-
tice with respect to this mode. (All the optical
mode ¥’s are positive.) Thus we have the strong
indication that both the [100] TA and LA ZB modes
are involved in the RbI transition. That this may
indeed be the case has been pointed out by Barsch!®
who finds that the ionic displacements involved in
the NaCl — CsCl transition can be described in terms
of the displacements associated with the two above-
mentioned modes.

The similarities between BaF, and RbI discussed
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earlier suggest, by analogy, that in the case of
BaF, the softening of the frequencies of the [110]
TA phonon branch, particularly the ZB mode, may
be important in the transition in this crystal. If
so, the frequency of this mode should be low and
should decrease with pressure. Other modes must
also be involved. The large pressure and tempera-
ture hysteresis between forward and reverse transi-
tions in BaF, (and similarly in Rbl) are indicative
of the fact that considerable activation energy is
involved. It should be remembered, however, that
the activation energy influences only the kinetic of
the transition. The driving force for the transition
is the difference between the free energies of the
two phases [as is given for example by Eq. (4)] and
is independent of the activation energy.

Finally, one further observation can be made.
The data in Table I show that the quantities (d1nC,y/
dP) and y(C,,) for NaCl and (d InC’/dP) and y(C")
for CaF, are quite small, but positive.. Since there
is evidence®!7 that these crystals undergo pressure-
induced transitions at sufficiently high pressure
(> 80~100 kbar), we suspect that the above quanti-
ties should change from positive to negative with
increasing pressure. The extension of the elastic-
constant measurements to higher pressures should
be most interesting.
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