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The molecular crystal of tin tetraiodide is known to exhibit unusual features under pressure, such as solid-state
amorphization. The low-pressure crystalline phase has a melting curve with a maximum at about 1.5 GPa,
dividing the liquid phase into two states with different structures. However, the thermodynamic properties of this
solid phase are still unknown. For proper thermodynamic measurements for the solid phase, we present here the
Parsafar-Mason and Birch-Murnaghan-Anderson equations of state for the phase as a predecessor. The validity
of the equations was confirmed by recent experimental observations. As far as can be seen from the equations of
state, no remarkable anharmonic properties are expected, in the sense that the thermal pressure is well described
by a linear function of temperature, i.e., « K7 (Where o and K7 are the coefficient of thermal expansion and the
isothermal bulk modulus, respectively) is virtually independent of temperature. In addition to the equations of
state, we also report a unique means of holding a chemically active sample, which we established through the in
situ x-ray diffraction measurements for Snl, at high pressures and temperatures.
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I. INTRODUCTION

The compression behavior related to pressure-induced solid
state amorphization of Snly has recently been reexamined by
Grocholski et al.! up to about 20 GPa. They also reported the
bulk modulus, Ko7, and its pressure derivative at ambient
conditions, Ky'7, which were obtained through fitting the
compression data taken at room temperature (RT) to the
Birch-Murnaghan equation of state (EOS).? This stimulated us
to try constructing the EOS applicable at elevated temperatures
from our own compression data accumulated during the period
between 2001 and 2009. We also show a method of sample
holding, which we established by trial and error over many
years through in situ measurements of liquid Snl4 under high
pressure and temperature. The method is believed to be widely
applicable, as it can stably hold even a chemically active liquid
sample such as Snly.

We begin with a brief introduction of the properties of
Snly, which shows interesting structural and electronic features
under applied pressure. A first-order structural phase transition
from the low-pressure crystalline phase (called CP-I hereafter)
to a new crystalline phase (CP-II) takes place at 7.2 GPa
and RT.? The transition is associated with metallization;*
however the structure of CP-II has not been resolved yet.
Applying further pressure induces molecular dissociation,’
which causes amorphization at around 15 GPa*>® until an
fee-type crystalline structure (CP-IIT)? forms at 61 GPa. That
is, solid-state amorphization occurs on compression prior to
reentrant crystallization.

The structure of CP-I belongs to the space group Pa3.
No silent modes exist at I' point, with half of them being
Raman active® and the other half infrared active. Moreover,
since both Sn and I are good scatterers of neutrons as well
as x rays, the lattice dynamical properties were studied
by neutron scattering in a relatively low-pressure region.’
Although Snly has been the subject of extensive experimental
investigation, fundamental thermodynamic properties are still
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unknown, even for CP-I. The present authors found that
the melting behavior of CP-I is far from ordinary,'® in that
Simon’s equation'! is no longer applicable; the melting curve
exhibits a maximum at around 1.5 GPa in the pressure
(p)-temperature (T') phase diagram.'>!*> The present report
intends to compensate partially for the lack of essential
thermodynamic data for CP-I.

The rest of the paper is organized as follows. The experi-
mental procedure is described in Sec. II, in which we shall fo-
cus on our sample holding procedure. The unique material used
as a cover at the top of a sample container is also highlighted.
The EOS is constructed in Sec. 111, and its validity is examined
in Sec. IV. The final section is devoted to conclusions.

II. EXPERIMENTAL METHOD

A series of in situ synchrotron x-ray diffraction measure-
ments were performed utilizing SMAP-II and MAX-80, cubic-
type multi-anvil presses installed in BL14B1 at SPring-8 and
in NE5C at KEK-AR, Japan, respectively. The measurements
were done along pressure-temperature paths, extended up to
about 4 GPa and 1000 K through the CP-I phase field to the
liquid state. A total of 12 paths were selected, and the specific
volume values of CP-I as determined from the diffraction data
along the paths are provided for the analysis in the next section.

The energy-dispersive diffraction method was employed.
The scattering angle was fixed to 4° for the measurements
of CP-1, and to 8° for those of NaCl, the latter being used
for pressure calibration. These angles were calibrated by
using the nominal lattice constants, 12.273 A for CP-I'*
and 6.402 A for NaCl, at ambient conditions. A solid-state
detector with pure Ge was used to detect scattered x-rays. Other
details of the diffraction geometry, as well as the temperature
control system, were basically the same as those described in
Ref. 10. Note that such a setup was primarily intended for
measurements of the liquid structure, and was not optimized
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FIG. 1. (Color online) A sectional view of the cube-shaped
pressure-transmitting medium. The length of an edge was 13, 9,
or 7 mm, depending on the TEL of the anvils employed. The exits
of a vertical hollow with a diameter of 2.5 mm were stopped by
pyrophyllite plugs with a Mo electrode embedded along their central
axis. The remainder of the space was filled with a graphite tube, which
contained a sample container (or a pair of containers) as shown in
Fig. 3 in such a way that the corundum enveloping the thermocouple
just filled the horizontal hollow.

for precise determination of the lattice constant; the incident
beam, passed through a horizontal slit of 200 um width, was
collimated to a width of 100 pm at the sample position. This
condition ensured accuracy of the lattice constant within three
digits (at best). The measurements at SPring-8 were performed
using a collimator with a width of 50 pm, and the accuracy
was slightly improved. See Ref. 15 for sample preparation.
Figure 1 shows a sectional view of the cube-shaped
pressure-transmitting medium, made of a mixture of

o(T) >~ {

At extremely high temperatures, p;, must approach pey from
below. That is, «(T) in Eq. (1a) must be upper-bounded. As
far as can be seen from the behavior shown by Eq. (1b),
the temperatures investigated are too low for PBN to exhibit
apparent deviation from linearity.

Although the problem of the sample container was resolved
in this way, a new problem arose: at the temperatures
of interest, the pressures inside and outside the container
differed significantly. An ordinary method, in which a pressure
calibrant is placed right outside (usually right below) a sample
container, would no longer work, and we had to look for an
alternative way to assess pj,. One way in which we intended to
achieve this was the configuration illustrated in Fig. 3(a). The

2.5x 107" (T <500 K)
1.3x 107 +5.0 x 10747 (K) (600 K < T <1200 K).
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amorphous boron and epoxy resin in 4:1 weight ratio, used
throughout the measurements. Its design was quite orthodox.
The edge lengths were 13, 9, and 7 mm, depending on the
truncation edge lengths (TELs) of 10, 6, and 4 mm, respec-
tively, of the anvils employed upon compression. Pyrophyllite
plugs with a Mo electrode were placed at both the top and
bottom ends. The vertical hollow between the plugs contains a
graphite tube (see below) covered with 0.2-mm-thick graphite
disks, which acts as a heater when an electric current is turned
on. A chromel-alumel or type-R thermocouple was set along
the horizontal hollow.

One problem we had to cope with was the sample container,
which must be transparent for x rays. It is more important,
however, to choose a substance with little chemical activity
with Snly. Before 2005, we used h-BN as a container. Un-
fortunately, however, at low scattering angles, the intense 002
reflection of #-BN almost overlaps with the most intense 222
reflection of CP-1 (which develops into the most intense halo
in the liquid state). This forced us to stop using BN, and to use
diamond instead.'? Because diamond is too hard to transmit
pressure from outside, we used a sleeve so that pressure could
penetrate through a hollow. However, we still had to be careful
when choosing the covers. Note that a 0.2-mm-thick diamond
disk was used at the bottom. Thus, the cover at the top was the
only channel that could transmit pressure, and it needed to be
flexible, as well as chemically inactive.

We finally arrived at pyrolytic BN (PBN), a substance that
satisfies all the conditions required. Although PBN is hard at
RT, it becomes flexible when the temperature exceeds about
500 K. This quite interesting feature of PBN is seen from
Fig. 2, which plots pi,, the internal pressure achieved in the
container at various temperatures as indicated, against pex, the
external pressure applied. From the temperature dependence
of the slopes, pj, is related to pex by the following relation:

Pin(GPa) = a(T) - pex(GPa), (la)
where

(1b)

figure depicts the graphite tube, which was meant to be placed
in the vertical hollow in Fig. 1. The two identical containers,
one of which contained Snl; while the other contained the
pressure calibrant (NaCl mixed with #-BN), were located at
the symmetrical positions about the middle intersection point
with the corundum tube enveloping the thermocouple. The
empty spaces within the graphite tube were filled with spacers
made of 4-BN.

We used this design from 2005 through 2008 for measuring
liquids in a region near the maximum of the melting curve of
CP-I. A set of anvils with a TEL of 10 mm was sufficient to
access this region. In this case, a 6.4-mm-long graphite tube
could accommodate two containers 1.5 mm tall. However,
in order to attain a higher pressure region, anvils with a
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FIG. 2. Internal pressures realized within a diamond sleeve
container plotted against external pressure, which is transmitted by a
PBN disk placed at the top of the sleeve. The external pressure was
measured by placing a pressure calibrant just below the sleeve. A
blank measurement, in which the sleeve was filled with a pressure
calibrant, was carried out to estimate the internal pressures marked
by open circles. The solid symbols show the internal pressures
determined from Snly in the CP-I state using the EOS [Eq. (3)] below.
The different symbols correspond to different runs. As for the scatter
of the data points at RT, refer to Sec. I1I.

shorter TEL must be employed. This necessarily reduces the
dimension of the sample assembly. For example, a typical
length of a graphite tube embedded in a pressure-transmitting
medium with an edge length of 9 mm is 3.6 mm, which can
store only a single container at most.

To accommodate such a situation, we constructed a new
assembly that contains only a single diamond sleeve as a
sample container. The hollow of the sleeve was divided by
a thin (0.1 or 0.2 mm thick) diamond disk into two rooms,
the upper and the lower compartments being occupied by
a pressure calibrant and Snly, respectively,'® as shown in
Fig. 3(b). Another diamond disk with a larger diameter was
used at the bottom of the container, whereas a PBN disk was
used at the top. The disk used as a partition also served as
a piston that transmitted pressure to the lower compartment.
Here, almost pure NaCl was used to calibrate pressure.'® This
design has been used from 2008 onward, irrespective of the
size of the pressure transmitting medium (i.e., irrespective of
the pressure region investigated, partly because of the high
price of high-precision processing of diamond materials).

Itis interesting to note that the sample holder as a whole can
be regarded as forming a Gibbs ensemble.!” The surroundings
constitute a heat as well as a pressure reservoir, and the latter
is kept at pex. The PBN cover at the top of the holder starts to
transmit pressure when the temperature rises beyond ~500 K.
At around this temperature, the pressures between the upper
and lower compartments separated by the movable piston
equilibrate. This was confirmed by a blank experiment in
which both compartments were filled with a pressure calibrant.
Thus, pex is an upper bound that p;, approaches from below
upon heating. That is, pressure loading toward pex, which is
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FIG. 3. (Color online) Sectional views of the graphite tube used
as a heater and the corundum tube (enveloping the thermocouple)
inserted through it. This is stored in the central part of the pressure-
transmitting medium shown in Fig. 1. The sample container consists
of a diamond sleeve and covers, one of which is a diamond disk and
the other is a PBN disk. (a) Two containers are placed symmetrically
around the corundum tube. One is filled with Snl; and the other
with the pressure calibrant. The typical length of the graphite tube is
6.4 mm, and it is designed to fit into a pressure-transmitting medium
with a side length of 13 mm. (b) A graphite tube of 3.6 mm length,
designed for smaller pressure-transmitting media; it cannot contain
two containers, and hence a single container is placed and the hollow
is partitioned into the two parts by a movable thin diamond disk
(which also acts as a piston). This design requires a diamond sleeve
and an internal disk processed with high precision. In both cases,
the remaining space in the graphite tube is filled with #-BN spacers.
A small pellet of a pressure calibrant is usually placed immediately
below the (upper) container.

“preset” at RT by actual loading, is achieved just by heating.
Figure 4 shows examples of the variation of the pressures.

Before moving to the next section, we should stress that
the design of the sample holding was intended to stably
hold a liquid sample. It can indeed keep a liquid Snls for
more than a day. If the sample to be held is in solid state,
the situation becomes simpler. The cover at the bottom of
the holder may be replaced by a PBN disk, whereupon more
effective transmission of pressure can be expected.

III. RESULTS

In this section, structural data of CP-I obtained from the
sample held in the aforementioned manner along thermody-
namic paths were provided for the analysis to establish the
EOS. The 12 sets of data mentioned at the beginning of the
previous section fall into three categories. The first category
consists of data taken before 2005 using an ordinary sample
container.'” The second and third categories consist of the
data obtained by using the types of sample holdings shown
in Figs. 3(a) and 3(b), respectively. As noted in the previous
section, the data in the third category that were taken below
500 K were not used in the analysis as the internal pressures
measured within the container with the pressure calibrant are
no longer reliable because of the insufficient ability of the
PBN cover to transmit pressure at low temperatures. Variations
in the specific volume of CP-I against changes in p and T
were locally smoothed or interpolated in a suitable manner, if
necessary, before processing.
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FIG. 4. Two examples showing a quite interesting feature of PBN
regarding its ability to transmit pressure. One (marked by circles) is
from an experiment using MAX-80, and the other (marked by squares)
is from an experiment using SMAP-II. The ability, and therefore the
internal pressure, pj,, increases with temperature. In particular, it
is remarkably enhanced after melting the sample at 900 K until it is
saturated at around 1000 K. The external pressure, p.x, was monitored
by a pressure calibrant that was placed immediately below the sample
container.

We first outline our procedure for analysis, and begin with
analyzing the compression behavior at RT. Three equations
of state were applied, namely Murnaghan’s EOS,'® the Birch-
Murnaghan (BM) EOS,? and the Parsafar-Mason (PM) EOS.!
Here, because the same data set was provided for the analysis,
the differences in the resultant bulk moduli and their pressure
derivatives may be ascribed to the different equations adopted.
The results also allow a comparison with results obtained
by other researchers who used the same EOS but different
pressure zones. After establishing the EOS at RT, the EOS at
elevated temperatures was constructed. Care had to be taken
in the construction, because the specific volumes available
were not uniformly distributed on the p-T plane within the
CP-I phase field. Here, we invoked the same procedure as
that employed in the construction of the EOS of 2-BN from
its limited structural data.° To this end, we first fitted our
structural data at elevated temperatures to the PM EOS.'? We
then extracted from the result an estimate for dp/97T, which
is used to evaluate thermal pressure according to the treatment
shown by Anderson et al.>' The thermal pressure term thus
estimated is simply added to the BM EOS? to yield the EOS
available at elevated temperatures. We call the latter EOS the
Birch-Murnaghan-Anderson (BMA) EOS in this paper. The
quality of this EOS, together with the PM EOS, is examined in
the next section by comparing their predictions with the recent
experimental results.

A. EOS at RT

The Murnaghan'® and the BM? equations of state are both
well known. Although the name Murnaghan is common to both
equations, the physics behind them is completely different; the
latter EOS was derived from the thermodynamic relation using
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the elastic strain energy expressed in terms of finite strains,
whereas the former is said to be an infinitesimal strain EOS.
Hence, the Murnaghan EOS involves less physical content, but
is still attractive because of its mathematical clarity.

The PM EOS' has, on the other hand, a quite different
basis; it is based on the ingenious observation of Parsafar
and Mason that the binding energy in the repulsive region
(which dominates the compression behavior of a material) can
generally be represented by a cubic expansion in the density.
This consideration was ingeniously extended to express the
thermodynamic potential, from which the EOS was derived.
The PM EOS is known to have wide applicability to various
materials, not only in the solid but also in the liquid state.??

For completeness, the forms of the equations relevant to
the following discussion are given below. A general solution
to Murnaghan’s EOS was derived in Ref. 23; the first- and
second-order equations of state are

Ky

_ 20 Ko _
p= KO,(U 1), 2

and

2
Ky ¥1D]
m[l—i—(\/%)}tan( 5 lnv)
pZ_K// , VDI ’ (3)
0 1+f|°ﬁtan(%lnv)

with D = K> — 2K," Ko, respectively. Here, v=V/Vj is
the specific volume defined by the ratio of the volume V to
that at ambient conditions. The subscript 0 in the bulk modulus
and its pressure derivatives denote that they are evaluated at
ambient pressure. The BM EOS takes the form

p= PBM(U,T =300 K)
= 3K P =P - ¢ -], @)

where ¢ = %(4 — (0K7/9dp)y) was, in addition to K, treated
as a fitting parameter. Finally, the PM EOS is given by the
form

pem = Agv 2+ A + Aot )

where the coefficients Ay, A, and A, are functions of 7. Here,
we always measure the pressure in units of GPa. We require
that Eq. (5) should satisfy the relation

Ao+ A1 +A,=0 (6)

at ambient conditions. Henceforth, Eq. (5), on which Eq. (6)
is imposed, is referred to as the constrained PM (CPM) EOS,
whereas Eq. (5) without the constraint is referred to as the
unconstrained PM (UPM) EOS.

Fitting was done by nonlinear regression analysis. The
quasi-Newton (QN)?* and the Rosenbrock pattern search
(RPS)> methods were employed for the regression. In the
analyses performed, the QN always took us to a global
minimum that was independent of the initial guess for the
parameters in the parameter space, whereas a solution from
the RPS was often trapped in a local minimum near the initial
guess. The latter feature is not necessarily a disadvantage in
determining the parameters at elevated temperatures, as noted
in the next subsection.
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p (GPa)

FIG. 5. (Color online) Compression data (marked by open
circles) of the CP-I structure of Snl, at RT. The data are fitted to the
various equations of state, as indicated [1st M: first-order Murnaghan,
Eq. (2), 2nd M: second-order Murnaghan, Eq. (3), CPM: constrained
Parsafar—Mason, Eq. (5) with (6), and BM: Birch—-Murnaghan,
Eq. (4)]. Note that all the curves are almost indistinguishable from
one another.

Figure 5 shows the compression curves at RT as determined
by fitting the compression data (shown by circles) to the
Eq. (2) through (5) with (6). The data obtained below
1 GPa are relatively scattered because the sample holder
was made of hard materials that prevented applied pressure
from being evenly distributed inside unless it was above a
threshold. That is, at low pressure, the actual pressure that was
transmitted into the container was dependent on the condition
of the container.?® Although the plots almost converge into
a single curve at first glance, the resultant sets of values for
the bulk moduli and their pressure derivatives (see Table I)
are roughly classified into two groups, one resulting from
fitting to a two-parameter EOS and the other from fitting to
a three-parameter EOS. At any rate, a small value such as
Ko >~ 5 GPa reflects extreme softness of CP-I. This feature,
along with comparison with other measurements, will be
discussed in the next section.

B. EOS at elevated temperatures

First, the compression data were rearranged along the
isotherms for every 100 K from 300 K (RT). Then, as outlined
at the beginning of this section, the data (except that at 400 K)
were fitted to the UPM EOS, Eq. (5). The QN method tends to
search for a global minimum in the parameter space. That is, it
tries to find on the whole surface of ppy a part that can best fit
to an isotherm under consideration. Therefore, we looked for a
part of the UPM surface whose isotherm at RT coincided with
the one described by the CPM EOS at RT already obtained
above. It was useful to employ the RPS method to this end,
making use of the fitting result for { A;} at the lower temperature
as initial input.

Figure 6 shows the selected isotherms fitted to the data
points in this manner. The difference in the pressure at different
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TABLE 1. The bulk moduli and their pressure derivatives at
ambient conditions obtained through the fitting of the compression
data shown in Fig. 5 to the equations of state. The large scatter of
the data prevented us from making a reliable error estimate except
for the fitting to the BM EOS. The QN and RPS methods gave the
same results except for the fit to the second-order Murnaghan EOS,
in which three parameters were involved. The values in the table
were from the QN method. The RPS method yielded the same K,
but Ky’ = 2, K,” = 3 GPa~!. The number in brackets indicates the
accuracy of the last digit.

EOS Ko (GPa) Ko Ky (GPa™")
IstM 6 7 —

2nd M 7 4 1

BM 5.2(9) 9(2) —
CPM 5 8 —

temperatures is very subtle, especially at around v ~ 0.75,
near RT. This makes the fitted isotherms almost contact each
other at around this point. Fortunately, however, meaningful
information regarding dp/d7T is anticipated to be extracted
at around v = 1. Indeed, the pressures at v = 1 are plotted
against 7 in the inset. From this plot, an almost linear
dependence of the pressure on 7' emerges. Thus, the points
are fitted to a line (shown), whose slope yields (3p/9T),_; =
6.75 x 10~* GPa/K. This will be used as input to evaluate a
contribution to the thermal pressure, which is added to the BM
EOS at RT.

The bulk modulus and its pressure derivative at ambient
pressure are readily obtained from Eq. (5), and are related to
the coefficients {A;(T)} in the following way:

Kor =2A0+3A;1 +4A,
Kop' = =1+ (640 + 12A, + 20A5)/Ko7. (7)

The values for K7 obtained through Eq. (7) are summarized
in Table II. Reliable error estimation could not be performed in
this case. However, a very slight “hardening” with increasing
temperature is noticeable. The derivatives also change slightly:
Ko7 ~8(T <700K)and Ko’y ~7 (T > 800 K).

We are now at the stage of completing the EOS by
supplementing to Eq. (4) the thermal pressure contribu-
tion assessed by the information hitherto obtained. To do
this, we follow the treatment by Anderson et al.”! who
regarded (0K7/0T), as a constant. The thermal pres-
sure, which should be added to Eq. (4), is then derivable
from two thermodynamic identities: (dp/d7T), = «Kr and

TABLE II. The bulk moduli at elevated temperatures evaluated at
ambient pressure from two equations of state: UPM EOS [Eq. (5)]
and BMA EOS [Eq. (8)]. Although associated errors could not be
estimated for the former, the results seem to coincide with each other.
A very slight increase in K7 with heating is noticeable.

KOT (GPa)
T (K) UPM BMA
500-700 5 5(1)
800-900 6 6(1)
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FIG. 6. Fit of the compression data at elevated temperatures to
the UPM EOS, Eq. (5). To avoid unnecessary complexity, three sets
of data along an isotherm at the temperature indicated are shown
with the fitted curves. (The curves are extended to a high-pressure
region beyond the CP-I phase field.) Inset: The pressures at v =
1 are almost linearly dependent on 7 as fitted to the line whose
slope yields (3p/dT),_; = aKr(v =1,T) = 6.75 x 10~* GPa/K.
The latter equality is provided for an estimate of the thermal pressure
contribution in the following.

[0(eK7r)/oV]p =—(1/V)YOK7/dT)y, where o= (1/V)
(0V/aT), is the coefficient of thermal expansion. Equation
(4) is thus extended as

pema(v,T) — p(v = 1,T = 300 K)
= pem(v,T = 300K)
[ (5 ),
+|aKr(v=1,T)—{ — ) Inv|(T —300), (8)
aT /

where p(v = 1,7 = 300 K) is negligible (when measured in
units of GPa), and (0 K7 /9T)y, is treated as a fitting parameter.
As for aKr(v = 1,T), (9p/dT),—; = 6.75 x 10~* GPa/K is
substituted regardless of temperature (see Fig. 6).

Then, since only one parameter in Eq. (8) was at our
disposal, a meaningful error estimate was made, and both QN
and RPS methods gave the same results within the error. The
aspect of the fit for the selected isotherms is depicted in Fig. 7.
Although the isotherms at RT and 500 K seem to merge in the
high-pressure region, the behavior is not unusual compared
with that seen in Fig. 6.

The resultant values for the parameter are plotted against
T in the inset. (0K7/dT)y varies from negative to slightly
positive (i.e., normal to less normal) values with temperature,
although the absolute values are extremely small.”” However,
their variation is relatively smoother, and is well described by
a quadratic curve

(0K7/dT)y = —1.32 x 1072 +2.92 x 107°T
—1.42 x 107872, 9)

as delineated in the inset. Note that we consider (0K7/9T)y
to be virtually volume independent.
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FIG. 7. The same compression data as shown in Fig. 6 are fitted to
the BMA EOS, Eq. (8), regarding (0 K7 /9T), as a fitting parameter.
The values for the parameter are plotted against temperature in the
inset. The curve in the inset is a quadratic function of temperature,
which can capture the variation in (0 K7 /97T)y.

Equations (8) and (9) complete the construction of the BMA
EOS expected to be valid at arbitrary (v,T") points in the CP-I
phase field. The validity of the BMA EOS is examined in the
next section.

IV. DISCUSSION

At RT, Ky >~ 5 GPa and Ky ~ 8 were obtained in our
analysis. The value for K, was virtually indistinguishable
from Ko = 4.98 GPa, the value reported by Peercy et al.”
Since the latter was determined from a pressure range of 0 <
p < 0.3 GPa, the initial softness of CP-I upon compression
dominates in determining these results. In contrast, Grocholski
et al. reported Ky = 10.6(1) GPa and Ky’ = 4.1(1),* the
value for K, being almost doubled, whereas that for Ky
halved. A much extended pressure range of 0 < p < 15 GPa
was used in their analysis, in which a third-order isothermal
Eulerian finite-strain EOS*® was applied. Note that their values
are rather close to the values we obtained by fitting to the
second-order Murnaghan EOS (see Table I). Since the EOS
employed by their analysis is simply the BM EOS, Eq. (4),
the difference in the values for K and K’ could be attributed
to the difference in the pressure range used in the fit. Their
range extends beyond the CP-I phase field, passing through the
CP-1II phase field to the region where amorphization starts, and
therefore the values are not necessarily characteristic of CP-1.

Sato and Hamaya obtained Ky = 6.1(2) GPa and K, =
7.6(3) from precise measurements of the volume within the
CP-I phase field up to 6.6 GPa.?! They used Vinet’'s EOS,*
with V; being fixed at 1847 A3funit cell. Hence, K and K’
were the only parameters at their disposal. These values for
Ko and K| are reliable, because their measurements were
done entirely under hydrostatic conditions using a fluid as a
pressure-transmitting medium. Our measurements, as well as
those of Peercy et al., resulted in a somewhat lower value of K,
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TABLE III. Comparison of the pressures calculated from the
various equations of state mentioned in the text with those obtained
through measurement at RT (listed in the “Exp” column). The
experimental data belong to the oldest category mentioned in Sec. I11.
The same abbreviations introduced in Fig. 5 were used for the
equations of state; SH and GSJ denote the equations of state reported
in Refs. 1 and 31, respectively.

Pressure at RT (GPa)
v Exp 1stM 2ndM BM CPM  SH GSJ
0.909(1) 0.96(2) 0.8 0.8 0.8(2) 0.8 0.834) 1.22(2)
0.876(1) 1.00(1) 1.2 1.2 1.23) 1.2  1.33(7) 1.84(3)
0.821(1) 2.16(3) 2.3 23 24(7) 24  2.48(15) 3.12(6)
0.769(1) 3.9009) 4.1 4.1 4(1) 4.1 4.18(29) 4.78(11)

because shear components were involved in the deformation
induced under nonhydrostatic conditions.

Before discussing the thermodynamic behavior at elevated
temperatures on the basis of Egs. (8) and (9), the justification
for choosing BM EOS, Eq. (4), as the reference EOS at RT
should be examined. A comparison of the differences between
the pressures calculated from the equations of state mentioned
in the preceding paragraphs and those studied in Sec. III A
is useful in the examination. The empirical relationship of
Peercy et al.?® describing the compression behavior in the
infinitesimal strain limit is not applicable in the cases for v <
0.97 (i.e., to the principal part of our data shown in Fig. 5) as far
as their fitted parameters are used. The value of Ky = 4.98 GPa
mentioned earlier was obtained from the latter parameters.

The pressure values obtained from the other equations of
state for the values of v indicated in Table III are listed
in the same table. The measured values for p are also
included. The experimental data for v and p were taken from
a set that belongs to the oldest category, the classification
described in Sec. III. As can be seen from Table III, the
EOS given by Grocholski et al.! yields systematically higher
pressure values, whereas pressure values obtained from the
other equations of state are virtually indistinguishable from
one another. The large scattering of the compression data in
the low-pressure region in Fig. 5 had almost no effect on
determining the parameters involved in the latter equations of
state, i.e., the functional behavior of the latter equations of
state was primarily determined in a region of relatively large
deformation. If we regard the scattering Av in the specific
volume in Fig. 5 as a reflection of the inhomogeneity of
the actual strain field, the EOS in the latter group yields the
ambiguity, Ap in p due to Av, which decreases with increasing
p in such a way that |Ap| ~ 0.7 GPa when p >~ 0.3 GPa,
whereas |Ap| ~ 0.07 GPa when p >~ 2 GPa. Thus, the EOS of
Grocholski et al. shows a marginal behavior. This is because
their EOS focuses on a much higher pressure zone, where
solid-state amorphization starts to occur. Hence, as far as
the EOS at RT for CP-I is concerned, the reference should
be chosen from the latter group.

Although Murnaghan’s (infinitesimal-strain) equations of
state, Egs. (2) and (3), yield a similar compression behavior,
these were excluded from the reference EOS because they
were no longer based on the infinitesimal deformation data.
(However, it is highly expected that the compression data of
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Peercy et al .,28 if available, would lie closely on the curves of

Murnaghan’s EOS with the parameters listed in Table 1.) The
CPM EOS, Eq. (5) with Eq. (6), was also excluded because it
was already used at the initial stage of extracting the value for
(8[7 / 0 T)u:l .

The Sato-Hamaya (SH) EOS,3! based on the finite-strain
EOS of Vinet et al.,’?> was thus one of the candidates for a
reference EOS other than the BM EOS. Although the SH EOS
was derived from measurements performed under hydrostatic
conditions, we chose the BM EOS, Eq. (4), as the reference
here [see Eq. (8)] because, as far as the nonhydrostaticity
is concerned, all our data were obtained under the same
environment. That is, by choosing BM EOS as the reference,
we intended to be consistent over the whole analysis. It is
easily inferred from the pressure differences listed in Table 11T
that the final EOS would be virtually the same if the reference
adopted had been SH EOS.

At elevated temperatures, CP-I shows a somewhat odd
compressibility behavior. As far as can be seen from the
value for Ky (see Table II), it becomes slightly hardened.
This unusual behavior was extracted from a trial fit of the
specific volumes at elevated temperatures to the UPM EOS.
Considering that this slight increase in Koy occurs near the
melting point of CP-I, the compression behavior near a phase
transition point seems beyond the capability of the PM EOS
description (although the EOS can capture the compression
behavior within a single condensed phase), and hence the
“hardening” is apparent.3® This feature is propagated through
the nonzero (dp/d7T), = a Kt to the behavior of the thermal
pressure in the BMA EOS.

The slight change in Ky with temperature implies
that thermal pressure is volume dependent, as evident
from the thermodynamic identity used in the last section.
The temperature dependence of Kr derived from Eq. (8)
enters only through the thermal pressure term. Then,
0Ky /dT = 0/0T[(0Kr/0T)y(T —300)] depends only on
T if (0Kr/9T)y in the thermal pressure is virtually volume
independent, as we assumed. This means that (0K7/dT)y
is virtually the same as (dK7/dT),. This is not inconsistent
with our situation as shown from a thermodynamic
relationship (0Kr/0T)y—(dK7/0T),=(0Kr/dp)raKr
whose right-hand side takes a small value such as
~5x 1073 GPa/K irrespective of 7. However, this
causes a severe inconsistency in the above equation regarding
0Kr /0T unless (0Ky/dT)y is a temperature-independent
constant. In this context, Eq. (8), when supplemented by
Eq. (9), is no more than phenomenological.

The three sets of internal pressures measured in recent
experiments, in which the type of sample holder shown in
Fig. 3(b) was employed, are listed in Table IV. (For the data
sources, refer to the caption.) The predictions given from
Eq. (8) with Eq. (9) when measured 7 and v were used as
input are also included. The maximum deviation was found for
the small compression at RT. However, this is partly ascribed
to the nonuniqueness of the measured internal pressure at
RT when the applied pressure was not large enough, as
mentioned in Sec. III. In fact, this was not the case for another
measurement at RT and v ~ 1. Except for this, the deviation
is said to be within roughly 0.1 GPa. The agreement between
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TABLEIV. Comparison of the pressure predicted by the equations
of state and the one directly measured. Three sets of experimental
runs are given, and are denoted by B194, B213, and A1285. The
first two runs are the in situ measurements performed in 2009 and
2011 using SMAP-I (which has a similar architecture to SMAP-II
mentioned in Sec. II) installed in BL22XU at SPring-8, Japan. The
third run is the measurement performed in 2009 using SMAP-II. T
and v are the temperature and the specific volume, respectively, on a
thermodynamic path along which the pressure, p;,, was measured
using the single-container type of sample holding illustrated in
Fig. 3(b). These pressures are listed in the column denoted “Exp”. The
values for T and v were used as input to the BMA and UPM equations
of state, given by Eq. (8) with Eq. (9) and Eq. (5), respectively.
The pressures output from these equations of state are listed in the
corresponding columns.

Condition Pressure (GPa)
T (K) v Exp BMA UPM
B194 300 0.9860(5) 0.099(11) 0.08 0.20

300 0.9640(14)
400 0.9673(19)
450 0.9667(3)
500 0.9686(3)
550 0.9723(3)
600 0.9777(3)
B213 300 0.9347(32)
400 0.9250(21)
500 0.9205(5)
600 0.9179(7)
700 0.9170(4)
800 0.9158(6)
850 0.9137(8)

0.285(10)  0.23 0.34
0.321(18)  0.26 0.40
0.350(16)  0.29 0.45
0.407(15) 031 0.47
0.415(10) 033 0.49
0.42327) 033 0.49
0.727(10)  0.48 0.58
0.662(9) 0.61 0.75
0.815(9) 0.72 0.88
0.947(24)  0.84 0.99
1.053(18)  0.94 1.09
1.221(13) 106 1.19
127322)  1.14 1.27

A1285 300 0.8573(22) 1.56(1) 1.56 1.59
300 0.8390(25) 1.99(2) 1.94 1.95
300 0.7981(19) 2.83(3) 3.04 2.99
600 0.8022(6) 3.04(3) 3.06 3.07
700 0.7972(22) 3.27(4) 3.36 335

the predictions and the measurements improves significantly
as compression proceeds. This comparison shows that Eq. (8)
with Eq. (9) can be adopted for practical use. This also means
that the EOS properly captures—though quite roughly—the
essential thermodynamic behavior of CP-I.

Finally, we reexamine the PM EOS, and quantitatively eval-
uate its thermal pressure contribution at elevated temperatures.
The temperature dependences of the coefficients {A;} of the
UPM EOS obtained through the fit illustrated in the isotherms
in Fig. 6 were extracted by trying to fit {A;} to the quadratic
functions

2
Ai(T) = a;T'. (10)
j=0

agp =4.09 GPa, ag =—1.51x
107> GPa K7, gp=207x10° GPa K2
ayp=-—143x10 GPa, a3 =9.06 x 103 GPa K_l,
ap = —8.04 x 107 GPa K2; ayp = 1.00 x 10 GPa, ay =
—6.58 x 1073 GPa K, a»n = 5.72 x 107® GPa K~2. The
resultant surface of ppy, given by Eq. (5) with Eq. (10), was
almost indistinguishable from that of pgpa. The values of ppym

The result was:
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corresponding to the sets of (v,7) used in the inspection of
peMma are also given in Table IV. The agreement between ppm
and py,, directly measured, was similar to (or sometimes better
than) that between pgyma and pj,. This quality of agreement
was caused by a fortunate series of error cancelations during
the processing. Since the temperature dependence of {A;}
was originally introduced on a phenomenological basis,'” no
attempt was made to extract further information from Eq. (10)
here.

In view of the EOS, CP-I behaves as a normal solid (except
in the vicinity of the melting point). The thermodynamic
properties of CP-I are, in principle, understood on the basis
of weak (physical) interactions between the molecules.>* The
intriguing feature of the polyamorphic transitions is triggered
by some chemical interaction between intermolecular iodine
atoms. The latter interaction will be activated when the
intermolecular iodine atoms are brought closer to each other,
beyond the distance between intramolecular iodine atoms.'?
This close approach is realized by an external pressure. A
lower pressure is required in the liquid state, because not only
displacements but also rotations are available for the molecules
to shorten the relevant distance. Such a microscopic situation
will also give rise to an anomaly in macroscopic properties.
In this context, the EOS of the liquid state® should also be
reexamined, in particular under high-density conditions.

V. CONCLUSION

The EOS of CP-I was examined and was found to be practi-
cally described by the BMA form of Eq. (8) supplemented by
Eq. (9). An EOS of similar quality was obtained from the PM
form, Eq. (5). The validity of these equations was confirmed by
several measurements. Although these equations of state were
constructed on a phenomenological basis, we believe that they
are practically useful over the entire CP-I phase field.

From the equations of state, Ko ~ 5 GPa and Ky’ ~ 8
were obtained for CP-I at RT. These values were close to
those obtained under hydrostatic conditions.?' Little change
has been observed in the bulk modulus and its pressure
derivative with heating up to near the melting point, where
a slight “hardening” was noticeable. No other anomaly was
found in view of the behavior of the equations of state. The
volume data of CP-I obtained through in situ x-ray diffraction
measurements enabled us to construct the equations of state.
These measurements were realized by a unique manner of
sample holding illustrated in Sec. II.
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