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The potential hydrogen storage compound NH;BH3; has three known structural phases in the temperature and
pressure ranges 110-300 K and 0-1.5 GPa, respectively. We report here the boundaries between, and the ranges of
stability of, these phases. The phase boundaries were located by in situ measurements of the thermal conductivity,
while the actual structures in selected areas were identified by in situ Raman spectroscopy and x-ray diffraction.
Below 0.6 GPa, reversible transitions involving only small hysteresis effects occur between the room-temperature
tetragonal plastic crystal /4mm phase and the low-temperature orthorhombic Pmn2; phase. Transformations of
the I4mm phase into the high-pressure orthorhombic Cmc2; phase, occurring above 0.8 GPa, are associated
with very large hysteresis effects, such that the reverse transition may occur at up to 0.5 GPa lower pressures.
Below 230 K, a fraction of the Cmc2, phase is metastable to atmospheric pressure, suggesting the possibility
that dense structural phases of NH;BHj, stable at room temperature, could possibly be created and stabilized
by alloying or by other methods. Mixed orthorhombic Pmn2,/Cmc2, phases were observed in an intermediate
pressure-temperature range, but a fourth structural phase predicted by Filinchuk et al. [Phys. Rev. B 79, 214111
(2009)] was not observed in the pressure-temperature ranges of this experiment. The thermal conductivity of the
plastic crystal I4mm phase is about 0.6 W m~! K~! and only weakly dependent on temperature, while the ordered

orthorhombic phases have higher thermal conductivities limited by phonon-phonon scattering.

DOI: 10.1103/PhysRevB.84.024115

I. INTRODUCTION

Over the last decade there has been a vast and growing
interest in the possibility of storing hydrogen in the form of
solid, hydrogen-rich compounds. Such materials may contain
a larger amount of hydrogen per unit volume than solid or
liquid hydrogen itself, making compact hydrogen storage for
mobile applications possible.! Apart from the important issues
of reversibility and environmental impact, a crucial problem
is to optimize the volumetric concentration of hydrogen for
a given compound. It is thus desirable to find structures with
very high densities, and as a result there has recently been
a very large interest in the structural properties of candidate
materials such as complex hydrides. In particular, the high-
pressure structural properties of many such materials have
been explored by both experiments®>™ and calculations®™ in
the quest for highly dense phases which, ideally, might be
stabilized in metastable form under atmospheric, or at least
technologically safe, pressures.

Ammonia-borane, NH3;BHj3, contains 19.6% hydrogen by
weight and is thus an excellent candidate as an efficient
hydrogen storage material.” The hydrogen can be released
by thermolysis, starting at temperatures’'" already above
about 80°C, but at higher temperatures the process also
tends to release other volatile gases such as borazine, and
regeneration is difficult.”® Closely related compounds or
complexes containing alkali or other metals have been found to
have significantly improved hydrogen release properties’ 1012
and may even allow rehydrogenation.!!

Over the last decade, the high-pressure behavior and prop-
erties of NH3BH3 have been studied by several groups.'3-2*
The earliest studies'>!'* were basically motivated by the
anomalous lattice stability of NH3;BH3, which is a solid at
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room temperature in contrast to the very similar compounds
diborane, BoHg (liquid® up to 4 GPa) and ethane, CoH (gas).
The reason for this stability is believed to be the existence
of dihydrogen bonds between NH3;BH; molecules.’® Raman
studies of these bonds under pressure'*!# also revealed the
existence of structural transformations at pressures between
0.5 and 1.4 GPa. Later in situ studies, using both IR'®
and Raman'>161819 gpectroscopy as well as x-ray!”>*?! and
neutron?’ diffraction, have provided further information about
the structural evolution of NH3;BH; with pressure at room
temperature. Near atmospheric pressure at room temperature
NH;BHj3 has a plastic crystal'” phase with aligned but rotation-
ally disordered molecules forming a tetragonal structure”!'7-?’
with symmetry I4mm. This phase transforms near 1.1 GPa into
an orthorhombic structure!”>*?! with symmetry Cmc2,. The
transition is associated with the anomalies reported in Raman
spectra in the range 0.5-2 GPa in several papers.!3-16-1819 A
further increase in pressure above 2 GPa has been reported
to induce further structural changes, but in this pressure
range there is no consensus on actual transition pressures
and structures. Filinchuk et al.'” report no further phase
changes up to 12 GPa, while other authors report anomalies
at pressures near 5,15.16.18.19.21 @ 18.20 454 10—12!5-1618 GPa,
Chen et al.?' find an isostructural second—order transition,
with a significant increase in bulk modulus, near 5 GPa,
while Kumar ef al.?’ identify the phase formed at 8 GPa as
a triclinic structure with symmetry P;. A recent theoretical
calculation®* instead suggests a transformation back to I4mm
near 12 GPa. High-temperature, high-pressure studies'®?* of
the thermal decomposition of NH3;BHj3 have also been carried
out, and it has recently been observed that significant amounts
of molecular H, may be inserted into the NH;BH3 lattice at
very high pressures.!%-2223
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At atmospheric pressure, tetragonal /4mm NH;BHj trans-
forms on cooling below!7-?%-3! 218-225 K into another
orthorhombic phase with symmetry Pmn2. While in the I4mm
phase the molecular axes are aligned with the lattice ¢ axis,
the molecular axes become inclined relative to this in the two
orthorhombic phases. In the low-temperature Pmn2; phase
the angle is rather small and depends on temperature,'’!
but in the high-pressure Cmc2; phase it is large, 69°
near the I4mm-Cmc2, transition'’ and increasing to 79° at
4.65 GPa. Also, while the I4mm-Pmn2, transformation is!’
“quite close to second order” and associated with a very small
volume change (0.27%) and a narrow range of coexistence
at atmospheric pressure,!”* the high-pressure I4mm-Cmc2,
transformation is reported!” to have a significant range of co-
existence and a large hysteresis in the transition pressure. This
transition is also associated with a significant volume change,
reported as!” 4.4% to?! 6%. The transition and structures
observed at atmospheric pressure have been studied by x-ray
diffraction (XRD),!” NMR,?*3? vibrational spectroscopy,30
and elastic’' and inelastic*® neutron scattering and appear to
be reasonably well understood. However, since the two known
phase transformations seem to have quite different characters,
in spite of the obvious structural similarities between the
two orthorhombic phases, further high-pressure studies of the
properties of NH3;BH3 are clearly needed.

In this paper we report the results of a detailed study of
the pressure-temperature (p-7) phase diagram of NH;BHj;
at temperatures (7) in the range 110-300 K and in
the pressure (p) range between atmospheric pressure and
1.5 GPa. We have identified the positions of the phase
boundaries between the three known phases discussed above
using thermal conductivity measurements, and we have tried
to find a fourth structural phase, predicted by Filinchuk
et al.'7 to exist in the low temperature area of the phase
diagram. While we find no evidence for the latter phase,
we have successfully mapped the phase diagram down to
110 K in the range of pressure investigated and used Raman
scattering and XRD to identify an unknown phase appearing
in an intermediate pressure-temperature range as a mixture
of the two orthorhombic structures. We also show that the
high-pressure Cmc2; phase is strongly metastable and can
be partially recovered at atmospheric pressure below 230 K,
hinting at possibilities to create dense, metastable, hydrogen-
rich structures based on NH;BH5.

II. EXPERIMENTAL DETAILS

The NH3;BH;3 material studied was obtained from Sigma-
Aldrich, had a nominal purity greater than 97%, and was used
without further purification. The sample source and quality
were intentionally identical to those used by Filinchuk et al.!”
such that a direct comparison should be possible between the
two sets of results. Although NH3;BH; should not be very
sensitive to air or humidity,”'° all samples were stored and
handled in a glove-box under dry Ar gas.

The thermal conductivity, «, of our samples was measured
using a well-known dynamic hot-wire method,** in which «
is basically calculated from the rate of temperature rise in a
thin Ni wire probe inserted into the bulk of the sample and
heated by a short (about 1 s) power pulse. The wire acts
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as both heater and sensor for the temperature rise, which
is calculated from the measured relation between the wire
resistance and temperature. Provided that the wire is in good
thermal contact with the surrounding sample, and that the
sample is physically large enough and the thermal diffusivity
low enough that temperature waves reflected from the outer
boundaries of the sample do not have time to interfere with
the original temperature wave created by the heat pulse, the
inaccuracy of this method is estimated to be smaller than +2%.
Indeed, in our experience, measurements on different samples
of the same material under identical conditions usually differ
by +1% or less, provided the structural state (average grain
size, orientation, etc.) is the same. (However, it should be noted
that phase transformations and treatment under different p-T
conditions may lead to somewhat different final states.) In the
present experiments, the magnitude of « in the orthorhombic
states has been observed to differ by at most 8% at the
same pressure-temperature coordinates, depending on the
transformation coordinates used and the p-T path traveled by
the sample. Phase transformations are usually easily detected
by the step changes in x and d« /dT (or dk /dp) associated with
most structural changes. Because of the dynamic character
of the method, exothermal or endothermal effects add further
experimental artifacts to the measured data, helping to identify
transitions. The method has already been used in studies of
the high-pressure phase diagrams of several other complex
hydrides.** 3538 In addition to thermal conductivity data, the
method also provides data for the specific heat per unit volume,
although with lower accuracy.

The thermal measurements were carried out using a large-
volume all-steel piston-and-cylinder device with an internal
diameter of 45 mm and a maximum pressure capacity of
3 GPa. The samples were encased in Teflon cells with
5-mm-thick walls. The device was thermally insulated using
mineral wool and could be heated electrically or cooled by
spraying with liquid nitrogen. The pressure was calculated
from the applied press load using an empirical calibration
function, and the temperature of the sample was measured by
a Chromel-Alumel thermocouple which had been calibrated
against a commercially available silicon diode thermometer.

High-pressure Raman and XRD measurements were carried
out using a diamond anvil cell with 0.5-0.7-mm culets and
beryllium seats. Samples were contained by stainless steel
gaskets with holes 0.3 mm in diameter, and the pressure was
calculated from the shift in the fluorescence from added ruby
balls. A thermocouple was attached directly to the gasket to
measure the temperature, and the system was cooled using a
liquid nitrogen—gas flow system. XRD patterns were recorded
at the Swiss-Norwegian Beam Lines (BM1A) at the European
Synchrotron Radiation Facility (ESRF) in Grenoble using
synchrotron radiation with a wavelength A = 0.7092 A and
a MAR345 image plate detector. The two-dimensional XRD
patterns were integrated using Fit2D software. Raman spectra
were obtained using a Renishaw 1000 Raman spectrometer
with excitation wavelengths of 514 or 633 nm, using a
long-focus 50x objective.

Both types of pressure cells were filled in the glove-box
mentioned above, and in neither case did we use a pressure-
transmitting medium. Because of the low shear strength
of NH3BH3; quasi-hydrostatic conditions should still prevail
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in the pressure and temperature ranges studied here, and
no problems connected with pressure gradients have been
identified in our earlier studies on complex hydrides®*33-38 or
other soft materials®® using the same equipment and methods.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The primary aims of this work were to map the pressure-
temperature phase diagram of NH;BHj3 up to about 1.5 GPa at
room temperature and below, a range where three well-defined
structural phases are known to exist, and to search for a fourth
structural phase predicted by Filinchuk ez al.'” to appear at low
temperatures. We therefore measured the thermal conductivity
k of two samples of NH3;BH3 as a function of T and p during
a large number of (approximately) isothermal pressure runs
and isobaric temperature cycles. Such measurements give a
detailed map of the phase boundaries, but to identify the
actual structure(s) in particular areas we also carried out
complementary studies by Raman spectroscopy and XRD.

The measurements of « on the first sample showed a
number of phase transformation anomalies which seemed
to define a continuously curving phase boundary connecting
the known low-temperature I4mm-Pmn2; transition with the
known high-pressure /4mm-Cmc2, transition. At intermediate
pressures near 0.7 GPa, however, temperature cycling revealed
anomalous values for « on heating into the I4mm phase.
Unfortunately, before we could investigate this matter in
detail, the hot-wire probe broke during a Pmn2, to l4mm
transformation under isothermal conditions. To identify the
structures present in the anomalous region we then carried out
a series of in situ Raman studies and XRD measurement. The
results obtained clearly showed that, in this pressure range,
cooling through the phase boundary produced a mixture of
the two orthorhombic phases, and that no new structural phase
was involved. Further measurements of x were then carried
out on a second sample in order to understand the puzzling
hysteresis behavior sometimes observed in the first run, and
also to extend the measurements to both higher and lower
pressures in a further attempt to observe the fourth structural
phase predicted by Filinchuk et al.'” In this second cell we
made a small modification of the wire probe to make it more
rugged. Unfortunately, this modification also increased the
errors due to end effects. Although the results for the two
samples are in very good general agreement, the measured
magnitude of k is about 2% higher for the second sample than
for the first, and we believe that this difference is caused by
the modification of the hot-wire layout.

In the course of this study we have collected a very large
amount of data using three different methods. To present this
information in a logical and structured way, we have chosen
to discuss the properties of each structural phase and phase
transformation in separate subsections below, starting with the
phase stable under ambient conditions.

A. Thermal properties of the tetragonal I4mm phase

The thermal conductivity of the orientationally disordered
tetragonal [4mm phase stable at near-ambient conditions is
almost independent of T but increases with increasing p. In
the pressure range below 0.1 GPa the NH3;BHj3 powder in the
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FIG. 1. (Color online) Thermal conductivity as a function of
temperature at the pressures (in GPa) indicated. The anomalous data
set at 0.75 GPa is shown as a solid curve to make it easier for the
reader to find(see text).

cell is consolidated and compressed into a nonporous solid
by the applied load, and during this process the measured
data for « are not reliable. Above 0.1 GPa, however, the data
obtained are repeatable on pressure and temperature cycling
for different samples, and we believe that they reflect the true
bulk properties of NH3;BHj3.

The temperature dependence of « in the range 110 to 300 K
at several pressures up to 1.5 GPa is shown in Fig. 1. All
data shown were obtained during isobaric cycles, starting at
or near room temperature, then cooling to 110-220 K, after
which the temperature was allowed to go back up to room
temperature again. (In the run at 1.5 GPa data are shown
only for decreasing T; see Section D below.) It is clear from
this figure that in the initial /4mm phase « depends only
weakly on 7. Fitting a straight line to the data obtained at
0.1 GPa we find x = 0.656 — 2.7 x 10°* TW m~' K~!, and
a similar temperature dependence is observed in this phase
at all pressures. A quite weak dependence on T and p is
characteristic for the thermal conductivity of plastic crystal
phases with rotational disorder,*” for example, solids based on
quasi-spherical molecules such as*! CH, or’**? Cg. However,
even very long linear molecules such as n-alkanes up to
Ci9Hy4g are observed to have plastic crystal phases with one-
dimensional molecular rotation and a low, almost temperature-
independent « at temperatures close to the melting point.**
The strong scattering of phonons by the rotational molecular
motion causes an almost temperature-independent value for
the phonon mean free path and thus also for «, while the
reduction in scattering by the combined effects of a slowing
down of molecular rotation and a stiffening of the lattice due to
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FIG. 2. (Color online) Thermal conductivity data from three
pressure cycles at room temperature. Note the very large hysteresis
of the I4mm-Cmc2, transformation.

increasing intermolecular interactions with increasing pressure
allows a certain increase in « with p.

Data for « in the [4mm phase are shown as functions of
p between 0.15 and 0.95 GPa at room temperature in Fig. 2
(data at lower temperatures are shown in Fig. 4 below). To
a good approximation k is a linear function of p, and using
data from several pressure cycles we find an average pressure
dependence k = 0.563 + 0.195 p W m~! K~! between 0.2
and 0.9 GPa at 293 K. Extrapolating the data to atmospheric
pressure we find an initial pressure coefficient of d Ink /dp =
0.35 GPa~!. To obtain the volume dependence we use the
measured!” zero-pressure bulk modulus By = 9.9 GPa to
calculate the Bridgman coefficient g = d In «/ d In V =
3.4. This rather low value falls well within the range of values
observed for other plastic crystals.*’ Similar results are found
at lower temperatures.

In Table I we present measured numerical data for the
thermal conductivity « in the tetragonal /4mm phase, as well
as for the other two phases investigated, at some selected p-T
coordinates.

B. Properties of the low-temperature Pmn2, phase and the
I4mm-Pmn2, transition

In contrast to the behavior in the tetragonal phase, the
thermal conductivity in the well-ordered orthorhombic low-
temperature Pmn2; phase shows a strong dependence on both
T and p (see Fig. 1). At temperatures below the transition, a
function

k=A/T" (1

can be fitted to the data. For the Pmn2; phase the widest range
in temperature, 110-225 K, was explored at 0.1 GPa. Fitting
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TABLE 1. Measured thermal conductivity (W m~! K~!) of
NH;3;BH; at various pressures and temperatures. When possible,
the values given are average values from more than one isobaric
(or isothermal) experiment. Actual experimental values may differ
depending on transition coordinates and thermal path followed by the
sample. Some values have also been interpolated or extrapolated over
small differences in 7 and/or p.

GPA 293 K 250 K 200K 150 K
0.0 0.56* 0.56* 0.71*¢,0.95¢

0.1 0.58* 0.59¢ 0.83%,1.06° 1.22°

0.3 0.62° 0.63%,0.90° 0.95",1.18¢

0.6 0.69*,0.89° 0.70%,1.02° 1.19°,1.38¢

0.9 0.75%,1.0° 1.12¢ 1.55°

1.2 1.06¢ 1.26¢ 1.60¢ 2.2¢d
1.5 1.2¢ 1.38° 1.75¢ 2.35¢

In tetragonal I4mm phase.

°In orthorhombic Pmn2; phase.

°In orthorhombic Cmc2; phase.

4Data extrapolated from higher pressure.

Eq. (1) to the data in this range gave n = 1.3, and the fitted curve
follows the data points quite closely except within about 20 K
below the transition, where the measured data tend to deviate
by curving downward. This might be connected with the strong
precursor effects observed'’?>3! below the transition, which
might either modify the phonon spectrum or increase scattering
by the defects or disorder created, or both. For a normal, or-
dered crystal, where « is limited by phonon-phonon scattering,
simple theory predicts n = 1 at high temperatures (i.e., above
the Debye temperature). The high value observed here for n
indicates that the somewhat brutal handling of the sample,
involving severe plastic deformation during the compression
of the original powder into a solid lump, still gives a very
well-ordered crystalline material below the low-temperature
phase transformation. Values higher than n = 1 are not unusual
and can be caused by several mechanisms. One possible
reason might be that during cooling we approach the Umklapp
freeze-out region, where « might even vary exponentially
with temperature. However, a more likely explanation is that
standard theory assumes constant volume conditions while
our data were measured at constant pressure, a situation where
thermal expansion effects are well known to result in a stronger
temperature dependence than given by n = 1. A third likely
possibility is that the strong temperature dependence is caused
by the rapid change in molecular motion with temperature**
(and pressure). Finally, it might be a consequence of the change
in molecular orientation with temperature,'”3! but since the
angle between the molecular and lattice axes changes by only a
few degrees over a 100 K range we consider this less probable.
To find the true cause for the effect, further calculations,
preferably complemented by in sifzu NMR or neutron studies of
the molecular dynamics, should be carried out for the Pmn2,
structure under high-pressure conditions.

The pressure dependence of x was measured in several
approximately isothermal pressure runs below 220 K. It is
clear from Fig. 1 that the pressure dependence in this phase
is stronger than in the tetragonal phase. Fitting, as before,
a straight line to data obtained between 0.3 and 0.7 GPa at
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about 200 K we find ¥ = 0.712 + 0.71 p W m~! K~!. Again
extrapolating back to atmospheric pressure we find an initial
pressure coefficient d Ink /dp = 1.0 GPa~! at 200 K. We have
not been able to find a reliable value for the bulk modulus of
the Pmn2, phase, but if we assume an approximate value of
10 GPa, similar to those of the other two phases17 of NH3;BH;,
we find a Bridgman parameter g = dInk/dInV = 10. This
value falls in the normal range of values found*” for other
well-ordered, crystalline materials for which phonon-phonon
scattering dominates «.

Numerical data for « are again given in Table I. It should
be noted that whenever possible the values given are average
values from more than one isobaric or isothermal run. For the
Pmn2| phase we also note that x depends surprisingly strongly
on the thermal path followed in the experiment. At 200 K, for
example, k was up to 8% lower at any particular p if the
measurements were carried out under isothermal conditions
(i.e., by changing the pressure) than when isobaric conditions
(i.e., changing the temperature) were used. We have not been
able to identify a clear reason for this interesting feature. One
reasonable explanation is that isobaric temperature cycling
is a rather “gentle” process, where the lattice may keep a
well-ordered state throughout the cycle, resulting in a high «.
Isothermal pressure cycling, on the other hand, continuously
deforms the lattice, breaking up crystallites and creating
dislocations and defects, which produces a lower x. Another
possibility is that the changes in molecular orientation or
rotation rate with pressure and temperature occur at different
rates (or show hysteresis effects), such that the lattice structure
may actually be slightly different at the same p-T coordinate
depending on the thermal history.

Figure 1 shows that the transformation between the
tetragonal /4mm phase and the low-temperature Pmn2, phase
changes character with pressure. At atmospheric pressure, this
transition is close to second order with a very small volume
change.!”3%3! The step change in « at 0.1 GPa is also quite
small, but with increasing p the magnitude of the step increases
such that at 0.6 GPa it is about a factor of three larger. Although
there could be many explanations for such an evolution, one
possibility is that the step change in volume, and thus density,
increases with increasing p because the transformation changes
to a character closer to first order. Stronger evidence for such an
evolution can be found from data for the specific heat per unit
volume, pcp,, shown in Fig. 3. Here p is the density and ¢, is the
specific heat per unit mass at constant pressure. Our measured
data for pc, have a much larger inaccuracy than the data for «,
but relative values at different pressures and the general trend in
the data should be reliable. Also, it should be taken into account
that, in a dynamic method such as this, data are collected during
a short temperature pulse with an amplitude of 2-4 K, and
away from phase transformations the data for « and ¢, are thus
average values over such a range in temperature. Within 2—4 K
from a transformation, exothermal or endothermal effects also
produce spurious responses such as the large peaks in x on
heating, visible in the curves shown in Fig. 1 (caused by
endothermal cooling simulating a very high «). The data
in Fig. 3, obtained during isobaric heating of the sample at
different pressures, show that the pressure dependence of pc,
is very small in both low-pressure phases. At temperatures
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FIG. 3. (Color online) Measured data for the specific heat per
unit volume as a function of temperature at 0.1, 0.3, and 0.6 GPa. The
small rise below 150 K is an artifact of the method used.

below the transition, however, the data at 0.1 GPa show
a behavior which is quite close to the A-type peak typical
for second-order transformations, although the height and
sharpness of the peak are blunted by the averaging effect
inherent in the method. With increasing p the second-order
character visibly diminishes, as is also suggested by the data
for k. A change in the transition type under pressure is
uncommon but not unique. A rather well-known example is
the II-III transition in NH4Cl, which goes the opposite way,
from being first order at atmospheric pressure to becoming
second order*>*" above about 0.2 GPa.

The rather large negative peak in pc, just above the
transition at 0.6 GPa is an unusual effect for which we have no
clear explanation. It might be a dynamic effect, like the peaks
in «, but the fact that we do not usually observe such peaks
suggests it might instead be connected with the formation of
a small amount of a mixed orthorhombic phase, as will be
discussed further below.

Finally, the I4mm-Pmn2, transformation shows only a
small hysteresis, also in agreement with its weak first-order
character. The small hysteresis is clearly visible in the isobaric
temperature cycles shown in Fig. 1, and for completeness we
show in Fig. 4 the results from two approximately isothermal
pressure cycles through the phase line at temperatures just
above 240 K. Unfortunately, the temperature control is not
perfect; note, however, that the “forward” I4mm— Pmn2,
transition in the first cycle (black circles) near 246 K occurs
within 0.1 GPa of the same pressure as the reverse transition
in the second cycle (red squares) at 247 K. The same goes for
the transitions in the opposite directions, both occurring near
240 K.
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FIG. 4. (Color online) Thermal conductivity as a function of
pressure, measured during two pressure cycles near 245 K. Trans-
formations between the low-pressure tetragonal /4mm phase and the
orthorhombic Pmn2; phase are clearly seen (see text for details).

C. Properties of the high-pressure Cmc2; phase and the
I4mm—-Cmc2, transformation behavior

On increasing p to above 0.9 GPa at room temperature
we observed a phase transformation which we identified as
the well-known transition'32! from the tetragonal structure
into the known!”?*2! orthorhombic Cmc2; phase. The step
change in « at this transition was similar to, or larger than, that
observed for the I4mm-Pmn2, transition at 0.6 GPa. As shown
in Fig. 2, the I4mm-Cmc2, transformation was also reversible,
but the reverse transformation back to the tetragonal phase
did not occur until p was decreased to well below 0.6 GPa. A
cooling experiment carried out at 0.9 GPa (Fig. 1) showed a
rather sluggish transformation, again involving a total change
in k of about the same magnitude, and on reheating to room
temperature we could not observe any reverse transformation
until the pressure was again decreased by a large amount. In
Fig. 1 we also show a cooling cycle at 1.2 GPa and a cooling
curve at 1.5 GPa, neither of which shows any transformations
since we start with the sample in the Cmc2; phase.

The temperature dependence of k in the Cmc2; phase is
well described by Eq. (1) with n =~ 1.0 at 1.2 and 1.5 GPa,
showing that we have another well-crystallized material with
k limited primarily by phonon-phonon interactions. Figures 1
and 2 show that the pressure dependence is again stronger
than in the tetragonal low—pressure phase. A linear fit to
the data between 1.1 and 1.5 GPa yields « = 0.619 +
0.38 p W m~! K~! at room temperature, from which we
calculate a pressure coefficient d In x/dp = 0.37 GPa™!
at 1.1 GPa. Using the room-temperature value for the bulk
modulus'’ at this pressure, B(1.1 GPa) = 14.9 GPa, we find
a Bridgman parameter g = dInk/dInV = 5.5, significantly
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lower than for the orthorhombic Pmn2, phase but still in
the range expected for well ordered crystals.** A rather
uncertain extrapolation to atmospheric pressure, carried out
for comparison purposes, gives a slightly higher g ~ 6.2.
Numerical data for the thermal conductivity can again be found
in Table I.

For the first sample we mainly obtained data for the
hysteresis near room temperature, but for the second sample we
carried out a large number of pressure and temperature cycles.
The Cmc2, phase was usually produced near 1 GPa at room
temperature, after which the sample was cooled at constant
pressure to some lower temperature. The tetragonal [4mm
phase was then recovered by crossing the stability boundary
either by decreasing the pressure at low T along an isothermal
path, or by first reducing the pressure, then heating the sample
at constant p. The transformation from the tetragonal phase into
the Cmc2; phase always occurred on a phase line connecting
the known room-temperature transition point at 0.9-1.0 GPa
with the phase line of the reversible /4mm-Pmn2; phase line
near 0.7 GPa. The slope of this line is about 140 K GPa~!. On
the other hand, in both isobaric and isothermal experiments the
reverse transformations into tetragonal NH3;BH3; were found
to outline a single, well-defined line of stability running from
about 0.52 GPa near 300 K to 232 K at atmospheric pressure
and with a slope increasing from about 85 K GPa~! near
atmospheric pressure to 170 K GPa~! at 300 K. The resulting
phase diagram of NH3BHj is shown in Fig. 5.

We note that Chen et al.?! very recently found a negative
slope dT/dp for the I4mm to Cmc2, transition line above
room temperature, and concluded that the transition was

300 t/. ’
- "- _‘ -
Amm /' Amm ¢ Cmc2,
< 280 |- < (or Cmc27)’: =
® - / ™y .
- ¢
© 260 — / : —
: , i
3 I ‘* Mixed ph |
<= ixed phase
[0} —5 h
=240 =6 ﬁ ! area m
* $ ! 4
220 ! -
(or Cmc2,) A
oo0 L L o 1 v by by

00 02 04 06 08 10 12 14
Pressure (GPa)

FIG. 5. (Color online) Pressure-temperature phase diagram of
NH;3;BHj; derived in the present paper. Symbols show coordinates
of the transformations observed, and arrows show both the trans-
formation direction and the approximate transition ranges observed.
Full (green) line denotes the I4mm<>Pmn2, transition, dashed lines
transformations between I4mm and Cmc2; phases. Dotted, almost-
vertical line denotes approximate locations for the Pmn2,— Cmc2,;
transformation.
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endothermal. In our experiments, direct in sifu measurements
of the sample temperature using a thermocouple show instead
large exothermal anomalies at the transition, supporting the
fact that the measured phase line slopes are positive for both
transition directions at and below room temperature.

The stability of the high-pressure Cmc2; phase was
also studied by Raman spectroscopy in a separate set of
experiments. The sample was pressurized to 1.4 GPa at 293 K
to ensure complete transformation into the Cmc2; phase, and
p was then decreased in three steps to 1.1, 1.0, and 0.85 GPa
with cooling runs down to ~230-240 K at every step. In
all three cooling experiments the pure Cmc2; phase was
preserved to the lowest temperatures, and no phase transitions
were observed. Further Raman studies will be presented in
the next section.

It is clear that the transformation behaviors of the two
orthorhombic phases are quite different, with a very much
larger hysteresis for the high-pressure Cmc2; phase, possibly
because the deformation of the high-pressure Cmc2; phase
with respect to the parent [4mm structure is much larger
than for the low-temperature Pmn2, phase.'” It has also
been shown!’ that the patterns of dihydrogen bonds are
very similar in the ambient-pressure phases, while in the
high-pressure phase the large tilts of the NH;BH3 molecules
with respect to the ¢ axis result in a different and more complex
pattern of H. . .H interactions. Once formed, the Cmc2; phase
is very stable, and at 0.2 GPa and higher pressures our
thermal conductivity measurements do not show indications of
any transformation from this phase into the low-temperature
orthorhombic Pmn2; structure. In one of our final experiments,
however, we brought a Cmc2; sample all the way down to
atmospheric pressure, at which we heated it back up to room
temperature. As shown in Fig. 6, we could then clearly see
two transitions, one at 218 K, in excellent agreement with
the Pmn2, to [4mm transition point observed by Filinchuk
etal.,' and one at 232 K, corresponding to the Cmc2; to I4dmm
transition. The Cmc2; phase thus seems to be at least partially
stable even at atmospheric pressure, and then at temperatures
even higher than for the normal low-pressure orthorhombic
Pmn2, phase.

D. Mixed-phase region, Pmn2,-to-Cmc2, transformations, and
the search for a new phase

As mentioned above, the thermal conductivity measure-
ments on the first sample showed anomalous values for «
near 0.7 GPa. To investigate whether we had found the fourth
phase predicted by Filinchuk et al.'” we therefore carried
out a series of in sifru Raman investigations during isobaric
cooling-heating cycles at temperatures down to 240-250 K
and with initial pressures of 0.8, 0.9, 1.0 (Fig. 7), and
1.1 GPa. The results obtained showed clear, reversible,
systematic changes in the Raman spectra with 7 in the range
just below the observed tetragonal-orthorhombic transition
boundary. In Fig. 8 we compare experimental Raman spectra
measured for the three known pure phases with a typical
spectrum as obtained in the range 0.8—1 GPa below 280 K. The
new spectra basically contain features characteristic for both
known orthorhombic phases, and a preliminary conclusion
must be that the data collected near the phase boundary are
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FIG. 6. Thermal conductivity as a function of temperature,
measured during heating at atmospheric pressure after producing the
orthorhombic Cmc2, phase at 1 GPa at room temperature.

compatible with mixtures of the known phases. However,
because the Raman spectra of the various phases of NH;BHj3
are very similar, the existence of a new phase could not be
completely ruled out.

To find the exact phase composition of NH3BHj in the
low-temperature (230-250 K), high-pressure (0.7-1.0 GPa)
regime, we therefore carried out a set of XRD experiments.
The experiments started at 0.8 GPa and room temperature, and

ik 7 -~ 10GPa
245K DY S
248 K T Y
252 K N A M
255 K e ]

_—

267K

e
R

278 K

I
284 K _’__—’J\/\\__’JA,_
r—

I NS—
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T T 7/ T T

T T
500 1000 1500 2000 2500 3000 3500
. -1
Raman shift (cm’™)

Intensity (arb.units)

FIG. 7. Raman spectra recorded from NH3;BH; upon cooling at
1 GPa.
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FIG. 8. Comparison between Raman spectra of the known phases
of NH;BH3; and the mixed phase obtained below 280 K at intermediate
pressures.

the samples were cooled at constant p down to 220 K. Below
259 K a clear phase transition was observed (Fig. 9), and a
detailed analysis of the diffraction data proved that this phase
transition does not involve any new, unknown phase. Rietveld
analysis of the pattern recorded at 220 K (Fig. 10) showed that
the sample consisted of the two known orthorhombic phases,
Cmc2; (a=5909 A, b =6.413 A, c = 6.052 A) and Pmn2,
(a =5419 A, b = 4494 A, c = 4.843 A). The complete
refinement also included two weak lines from the gasket; these
are not shown in the figure to avoid confusing the reader. The
relative amounts of these two phases change upon cooling, as
can be seen in Fig. 9: The reflections from the Cmc2; phase

c(111) Cmc2,+Pmn2
—~~
o
=
c p (110)
> 245 K
. (101)
2 ’ oo o F™
©
N
2 | 29k )
o
c
9
c 265K
274 K | 4mm
N AN
T T T T T
10 15 20

Diffraction angle 26 (degrees)

FIG. 9. XRD patterns recorded from NH3;BH; upon cooling at
0.8 GPa. Indexing for some reflections from the Pmn2; phase (p) is
shown on the 245 K pattern and for the Cmc2, phase on the 220 K
pattern.
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FIG. 10. (Color online) Rietveld refinement profile for the mixed
orthorhombic phase (top) together with the contributions from the
separate phases (bottom two curves). Tics corresponding to peak
positions for the two phases (Cmc2; top, Pmn2, below) are shown
together with the residual difference below the refinement profile (for
fitted lattice parameters, see text).

become significantly stronger at lower temperatures while at
245 K the majority phase is Pmn2,.

After this final identification of the structure, we investi-
gated the behavior in the “mixed-phase” pressure range by
further measurements of « for the second sample. Figure 11
shows results obtained during repeated cycling through the
tetragonal-orthorhombic phase line at 0.65 GPa, close to the
point where the phase line changes its slope. During the first
cooling run a step increase in « indicates that a transition is
taking place, while on heating back through the phase line
the value of k decreases only halfway toward its initial value.
This behavior is very similar to that found earlier at 0.75 GPa
(Fig. 1). On repeated cycling, the high-temperature value for
k becomes increasingly higher for each cycle. We interpret
this as the creation of a continuously increasing fraction
of the Cmc2; phase. Each time we cool through the phase
line the tetragonal phase present transforms into a mixture
of the two orthorhombic phases. On heating, however, only
the Pmn2; phase reverts to the tetragonal phase, while the
Cmc2, phase remains in its metastable orthorhombic state.
This leads to a continuously increasing fraction of the latter
phase in the sample on temperature cycling. We note that «
increases slightly with cycling also in the low-temperature
state, as the fraction of the Cmc2; phase approaches 1 and
the overall crystalline order increases. However, the existence
of a transformation peak shows that small amounts of the
Pmn2, phase are still formed from residual tetragonal NH3;BHj3
even in the third cycle, although this does not show up in the
measured magnitude of «.

Because the magnitudes of x are very similar in the
two orthorhombic phases (see Table I) it was difficult to
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FIG. 11. (Color online) Thermal conductivity data measured
during three temperature cycles at 0.65 GPa. See text for details.

observe transformations between these phases by thermal
measurements, and for the first sample we carried out both
an isothermal cycle up to 1.2 GPa at 200 K and an isobaric
cycle down to 200 K at 1.2 GPa without observing any phase
transitions. As discussed above, the Cmc2; phase is very
stable and we have not observed any transformation of this
phase into Pmn2; at any pressure in the range p > 0.2 GPa.
The reverse transition, however, could be observed. In the
measurements of k, the transition was observed only indirectly
while pressure cycling at low temperatures. Figure 4, which
was already discussed above, shows data for « as a function
of p near 245 K measured during two pressure cycles, one up
to 0.65 GPa and the other to 0.7 GPa. When decreasing p in
the first case (black circles), the Pmn2, to I4mm transition is
observed at the pressure expected from the (reversible) phase
line in Fig. 5 (full green line). When the experiment is repeated
(red squares), extending the pressure cycle to slightly higher
pressure, we observe the same reverse transformation, but
even after this transition part of the sample obviously remains
orthorhombic and transforms only at the stability boundary for
the Cmc2; phase near 0.15 GPa. A small fraction of the sample
thus transformed from Pmn2; to Cmc2, between 0.65 and
0.7 GPa. In fact, a very small “foot” observed in the first curve
at the same low pressure indicates that a small amount of the
Cmc?2; phase is also formed during the first pressure cycle to
0.65 GPa. In another pressure run, between 0.3 and 1.1 GPa
near 200 K, we also observe a change in the slope d«/dp by
about 25% just below 0.7 GPa, which might indicate the same
(slow) transition. However, in view of the actual temperature
stability during the run and the large temperature dependence
of k in this range of temperature we cannot use this change as
conclusive evidence.

Direct evidence for such a transition could, however, be
found in Raman measurements. To observe the transition,
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we carried out an experiment starting at 1 GPa and room
temperature. The sample was cooled to 239 K, during which
the phase transition into the mixed phase was clearly observed.
The pressure was then increased isothermally to ~1.4 GPa at
low T, without any observable change in the Raman spectrum,
after which the sample was heated back to room temperature.
During this last heating at 1.4 GPa the phase transition into
pure Cmc2; was observed at about 250 K, where all spectral
features of the Pmn2, disappeared.

The three different methods thus give somewhat different
results for the Pmn2;-to-Cmc2, transformation. The measure-
ments of « show that a slow transformation occurs at low
temperatures at pressures above 0.65 GPa; the Raman data
show that the transformation occurs mainly on heating to above
250 K at high pressures (1.4 GPa), while the XRD study shows
that the fraction of the Cmc2; phase increases steadily with
decreasing T during cooling at 0.8 GPa. We conclude that there
seems to be a stability limit near 0.6-0.7 GPa above which the
Pmn2| phase slowly transforms into the Cmc2; structure and
that the actual structure in this area depends on the thermal
history of the sample in a complicated way.

To finally verify the phase diagram in Fig. 5, we carried
out measurements of k around closed loops in the p-T plane.
Starting at 0.3 GPa at room temperature we increased p to
1.2 GPa, then cooled to 210 K, decreased p to 0.3 GPa, and
heated back to our original starting coordinates. This cycle was
then reversed, following (approximately) the same trajectory
in the reverse direction back to the origin. During the clockwise
cycle, only transitions identified as transformations between
the I4mm and Cmc2; phases were observed, as expected from
the metastability properties of the latter phase. During the
anticlockwise cycle, the only transitions observed occurred at
the [4mm-Pmn2, phase line and at the Cmc2,— [4mm phase
line. However, as mentioned above we also observed a small
change of slope dk/dp near 0.7 GPa at 200 K. From the
data shown in Fig. 4, the Raman data referred to above, and
the discussion above we conclude that a transformation from
Pmn2, to Cmc2 may have occurred somewhere near or above
0.7 GPa at 210 K, possibly resulting in the observed change
in dx /dp. However, all or part of the transformation may
also have occurred during heating to room temperature at
1.2 GPa. It seems that the transformation is too slow and
gradual to be clearly identified by the methods used under
these p-T conditions. We have thus not been able to map this
transition boundary in detail, and we have only tentatively
indicated a possible location for the corresponding phase
boundary by a dotted line in the phase diagram of Fig. 5.
The slope of this line is shown as positive, because the XRD
data show an increasing fraction of the Cmc2; phase on
cooling. The kinetics and details of this transition have not been
identified.

In several of the studies discussed in this and earlier
sections, a secondary aim was to find and identify the
fourth structural phase predicted by Filinchuk et al.,'” as
discussed above. This phase should appear at low tempera-
tures, possibly in a p-T area between the ranges of stability
of the two orthorhombic phases, i.e., in the mixed-phase
area or near the dotted line shown in the phase diagram
(Fig. 5). In addition to the many isobaric and isothermal
cycles carried out in this p-T range we also finished the
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low-temperature run at 1.5 GPa (Fig. 1) by continuously
decreasing p during the final heating, thus passing “diagonally”
across the region of interest at temperatures well below
200 K. Even in this case the data for « still showed no
indications of a further transformation, and we must conclude
that in the range up to 1.5 GPa we do not see any indications
of such a new phase at any temperature above 110 K.

IV. CONCLUSIONS

In this paper we have carried out a detailed investigation
of the p-T phase diagram of NH3;BH3, including hysteresis
effects, in the range 110-300 K and 0-1.5 GPa. We find the
known transformations from the parent tetragonal structure
into the two orthorhombic low-temperature and high-pressure
structures at temperatures and pressures in excellent agreement
with literature data, and we have been able to map the
phase boundaries connecting these points with high accuracy,
as shown in Fig. 5 above. However, in the p-T range
investigated we have found no evidence for the fourth phase
predicted by Filinchuk et al.,'” and the search for this phase
should thus be continued at higher pressures and/or lower
temperatures.

The transformation between the tetragonal phase and
the low-temperature Pmn2; phase is always reversible and
associated with a quite small hysteresis. Data for both the
thermal conductivity and the specific heat capacity indicate an
evolution of the transformation with pressure from the almost
second-order transition observed!”3*3! near atmospheric pres-
sure toward a stronger first-order character near 0.5 GPa, but
the slope of the associated phase line still seems to be almost
constant near 60 K GPa~!. We find that the orthorhombic
Pmn2| phase transforms into the likewise orthorhombic Cmc2,
phase at pressures above 0.7 GPa, but different methods have
given very different results for the transformation coordinates
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and we have not been able to identify a unique transition
boundary, probably because the kinetics are slow and the
transformation occurs gradually.

The phase boundary for the tetragonal-to-orthorhombic
Cmc2, transition connects the end of the I4mm-Pmn2; phase
line with the known transition point near 1 GPa at room
temperature and has an approximate slope of 140 K GPa~'.
Direct in situ thermal measurements show that the transition is
exothermal, in contradiction to a recently published result.”!
The Cmc2, phase is highly metastable. In our experiments it
transforms partially into the Pmn2; phase at low temperature,
but only below 0.2 GPa, and the transformation back to
the tetragonal phase occurs at pressures very much lower
(temperatures much higher) than the forward transformation.
The transformation points define a slightly curving phase
boundary starting just above 230 K at atmospheric pressure
and having a high-temperature slope near 170 K GPa~'.
The typical hysteresis of this transition is about 0.5 GPa.
The (meta)stability of the high-pressure phase may originate
from a very different pattern of the dihydrogen H®* .. .H%~
interactions compared with the ones in the ambient-pressure
phases.!” The strong metastability of the orthorhombic Cmc2,
phase indicates that it might be possible to stabilize denser
lattice structures, with higher volumetric hydrogen densi-
ties than the normal zero-pressure phases, in the NH3;BHj3
system by doping the material with impurities or by other
means.
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