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High-pressure behavior of Ba„OH…2: Phase transitions and bulk modulus
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The high-pressure behavior of bothb- anda-Ba(OH)2 was investigated byin situ powder synchrotron x-ray
diffraction. Pressures up to 13 GPa were generated using a diamond-anvil cell. At least one phase transition
was detected inb-Ba(OH)2 @P21 /n; a59.3396(2), b57.8550(2), c56.7267(2) Å,b595.607(2)° at0.95
GPa#, indicated by the appearance of an additional low-angle peak. The high-pressureb2 phase@P21 /c; a
511.6632(8), b57.6684(5), c510.7785(7) Å,b5108.881(5)° at5.40 GPa# is characterized by a doubling
of the unit-cell volume. Bulk moduli were determined forb-Ba(OH)2 with K0540(1) GPa (K8 fixed to 6!
and forb2-Ba(OH)2 with K0560(4) GPa (K8 fixed to 6!. There are indications for two other phase transitions
between 8 and 10 GPa. Compressinga-Ba(OH)2 produces new diffraction patterns, which cannot be inter-
preted unambiguously. Upon pressure release down to 0.3 GPa, theb2 phase is recovered.

DOI: 10.1103/PhysRevB.66.214103 PACS number~s!: 61.50.Ks, 64.70.Kb, 81.30.Hd
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I. INTRODUCTION

A central question in numerous recent studies on hydr
materials is the potential of high pressure to strengthen
even induce hydrogen bonds and the concomitant influe
on the physical properties of these materials. A compreh
sive understanding of the mutual influence of hydrog
bonds on structural and physical properties requires the c
bined investigation of bulk properties~i.e., compressibility,
thermal conductivity! and structural features as a function
external variables~chemistry, temperature, pressure!. It is the
complementary nature of these combined studies which
able the distinction of chemical effects from pressure a
temperature effects on hydrogen bonding.1

High-pressure investigations were previously perform
on alkaline-earth hydroxidesA(OH)2 (A5Mg,Ca) ~Refs.
2–10! and transition-metal hydroxides T(OH)2 (T
5Mn, Fe, Co, Ni, Cd),1,11,12both on hydrogenated and de
terated samples. These compounds have as a common
ture a layered structure related to the CdI2 type. The H atoms
are situated between adjacentXO6 (X5A,T) octahedral
sheets. The comparison of elastic properties revealed a
ference between the bulk moduli of hydroxides contain
main-group elements and transition metals, respective1

Structural studies at high pressure on Mn andb-Co hydrox-
ides revealed a strengthening of the hydrogen bonds lea
to a D-site disorder.1 For brucite@Mg(OH)2#, the existence
of a phase transition, which was suggested to be induce
changes in the hydrogen bond geometry,13 is still uncertain.
In contrast, the postulated high-pressure phase of portlan
@Ca(OH)2-II # ~Ref. 14! was confirmed and its structur
solved.15 Subsequent work aimed at unraveling the influen
of Ca/Mg replacement on the elastic properties
hydroxides16 and at the location of deuterium atoms
Ca(OD)2-II.17 This issue has also been addressed on the
sis of a computational approach.18 The framework of the
monoclinic high-pressure structure (P21 /c) is isostructural
0163-1829/2002/66~21!/214103~8!/$20.00 66 2141
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to that of EuI2. The topology of this structure type is ver
similar to the one of Sr(OD)2 at ambient conditions.19 This
confirms the hypothesis that replacing Mg21 and Ca21 with
larger cations such as Sr21 or Ba21 can provide some insigh
into the structural behavior of brucite or portlandite und
high pressure,20 which was our motivation to study barium
hydroxide at high pressure.

At ambient conditions, Ba(OH)2 occurs in two modifica-
tions, the low-temperatureb phase and the high-temperatu
a phase, which crystallizes at temperatures above 52~2!
K.21 The a phase is quenchable and hence can be retrie
as a metastable phase at room temperature. The crystal s
tures ofa- andb-Ba(OH)2 were previously reported both o
hydrogenated and deuterated samples.22–24The temperature-
dependent behavior of both polymorphs was investigated
powder neutron diffraction,25 which revealed a new meta
stable low-temperature polymorph ofa-Ba(OD)2.

II. EXPERIMENT

Pure powder of theb modification of barium hydroxide,
b-Ba(OH)2, was synthesized using Ba(OH)2•8H2O as the
starting material. This was filled in a corundum crucible a
placed in a quartz-glass tube under a nitrogen atmosph
where it was slowly heated to 373 K for dehydration. Wa
vapor was removed by several evacuation cycles. Thea
modification of barium hydroxide,a-Ba(OH)2, was ob-
tained by heating a sample of theb phase up to 573 K with
subsequent quenching to room temperature.

The sample chamber@150(5) mm in diameter# was
drilled into tungsten gaskets~pre-indented to a thickness o
60–70mm) using an electroerosion drilling machine. Pre
sure was generated with an ETH-designed26 diamond-anvil
cell ~DAC! using liquid argon as a pressure-transmitting m
dium. The complete loading process was performed with
exposing the CO2- and H2O-sensitive samples to air or wate
at any instance.
©2002 The American Physical Society03-1
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In situ high-pressure synchrotron x-ray powder-diffracti
data were collected for both materials at steps of appr
mately 1–2 GPa up to 13 GPa at the Swiss-Norweg
Beamline~BM1A! of the European Synchrotron Radiatio
Facility ~Grenoble, France!. Two angle-dispersive powder
diffraction patterns were collected at every pressure p
using a MAR345 image-plate system. The first pattern w
recorded at a sample-to-detector distance of 170
(2umax524°), while the second exposure was at a dista
of 380 mm (2umax545°). The exposure time ranged fro
60 s to 300 s depending on the distance and the cell load
A wavelength of 0.8 Å was used. The absorption edge of
tungsten gaskets near 0.8 Å helped to minimize contam
tion of the sample signal by parasitic diffraction from th
gasket. For two loadings, deviatoric stress at the high
pressure was reduced by placing the entire pressure cell
furnace and heating the whole assembly to;378 K during
one hour. Pressures were determined by means of the l
induced ruby-fluorescence technique before and after e
exposure.

Full powder-diffraction images were processed and in
grated usingFIT2D.27 Diffraction spots of solid argon and
diamond reflections were masked and thus excluded f
integration. Rietveld refinements were carried out w
GSAS.28 Starting values for the refinements ofb-Ba(OH)2
anda-Ba(OH)2 were those reported by Friedrich, Kunz, a
Suard.25 Lattice parameters, atomic fractional coordinat
and isotropic displacement parameters for the barium at
were varied. The displacement parameters of the oxygen
oms were fixed toUiso50.02 Å2. In addition, background
coefficients of a shifted Chebyshev function,28 scale factor,
and a pseudo-Voigt profile function were refined. For so
of the data sets, additional diffracting phases, such as
pressure-cell components~tungsten and beryllium! and the
solidified pressure-transmitting medium~argon!, had to be
included in the refinement as well, Fig. 1.

FIG. 1. Observed~crosses! and calculated~line! powder-
diffraction patterns, and difference curve ofb2-Ba(OH)2 at 6.2
GPa. Peak positions are given for Ar~top!, W ~center!, and
b-Ba(OH)2 ~bottom!.
21410
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III. RESULTS AND DISCUSSION

Unit-cell parameters and the final discrepancy factors
summarized in Table I. Atomic fractional coordinates a
isotropic displacement parameters are given in Table II.

A. Structural results

1. Crystal structures ofb- and a-Ba„OH…2

The b phase of Ba(OH)2 crystallizes in space group
P21 /n. There are two symmetrically different barium site
Ba1 coordinated by eight@8#, and Ba2 surrounded by seve
@711# oxygen atoms, Fig. 2~a!. The face-linked polyhedra
form serrated double chains along theb axis. These chains
are connected via edges along thea axis and form intersti-
tials within a sheet, which are occupied by H atoms. T
sheets are interconnected via polyhedral edges or corn
Hydrogen bonds exist within the cavities.

The a phase of Ba(OH)2 crystallizes in space group
Pnma. The crystal structure includes three symmetrica
distinct barium sites, Ba1 coordinated by@8#, Ba2 by@711#,
and Ba3 by@9# hydroxyl groups, Fig. 2~b!. An additional
nine-coordinated interstitial site is occupied by hydrogen
oms. More detailed information is given in Friedrich, Kun
and Suard.25

2. Pressure-induced changes of theb-Ba„OH…2

powder-diffraction pattern

At the closing pressure of 0.95 GPa unit-cell paramet
of a59.3396(2), b57.8550(2), c56.7267(2) Å, andb
595.607(2)° were refined forb-Ba(OH)2. All reflections
could be indexed and refined in space groupP21 /n, except
those from the tungsten gasket or the beryllium back
plates. Above 1.2 GPa, additional spotty lines appea
They were identified as diffraction lines from solid argo
which was used as a pressure-transmitting medium.

The powder-diffraction pattern ofb-Ba(OH)2 undergoes
various significant changes upon increasing pressure. We
plain these changes by the occurrence of at least one p
transition. Between 4.9 GPa and 9 GPa a new low-an
peak grows continuously atd;6.15 Å (2u;7.5°), Fig. 3.
Since this peak cannot be explained by theb phase it indi-
cates a phase transition to a newb2 phase with a larger uni
cell. Automatic indexing usingTREOR ~Ref. 29! gives a
monoclinic unit cell witha511.6632(8), b57.6684(5), c
510.7785(7) Å, andb5108.881(5)° at P55.40 GPa. The
b unit cell transforms to theb2 cell through the transforma
tion matrix

S 1̄ 0 1

0 1̄ 0

1 0 1
D .

The a and c unit vectors of theb2 cell thus relate to the

@ 1̄01# and@101# directions of theb cell, respectively, Fig. 4.
This corresponds to a doubling of theb2 unit cell relative to
the b unit-cell volume. The indexing can account for a
reflections assuming space groupP21 /c. The phase transi-
3-2
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TABLE I. Unit-cell parameters and refinement values of Ba(OH)2 as a function of pressure.Rwp5A(w(I o2I c)
2/(w(I o

2), Rp5(uI o

2I cu/(I o , andR(F2)5(uFo
22SFc

2u/(uFo
2u, wherew5weight, andS5scale factor.

P ~GPa! a ~Å! b ~Å! c ~Å! b(°) V(Å3) V(Å3) Ar R(F2) Rwp Rp

b-Ba(OH)2
0.0001a 9.4094~3! 7.9155~2! 6.7745~2! 95.813~2! 501.97~3! 7.35 4.67 3.51
0.95~5! 9.3396~2! 7.8550~2! 6.7267~2! 95.607~2! 491.13~2! 3.90 2.55 1.79
1.30~5! 9.3050~4! 7.8197~3! 6.6990~3! 95.503~3! 485.19~3! 129.37~3! 3.21 2.97 2.13
2.00~5! 9.2789~5! 7.7962~4! 6.6761~4! 95.415~4! 480.80~4! 123.16~2! 2.67 3.38 2.34
2.50~5! 9.2436~6! 7.7681~5! 6.6487~5! 95.285~2! 475.39~6! 116.60~3! 2.87 2.56 1.83
3.3~2! 9.2169~7! 7.7405~5! 6.6223~5! 95.201~5! 470.51~6! 112.42~2! 3.44 3.40 2.40

b2-Ba(OH)2
0.34~5! 12.0951~7! 7.8891~5! 11.0013~6! 108.569~4! 995.1~1! 6.41 3.88 2.72
4.9~2! 9.1512~9! 7.6821~7! 6.5575~6! 94.930~7! 459.29~7! 103.92~3! 3.22 3.70 2.65

11.715~1! 7.6880~7! 10.799~1! 108.828~8! 920.5~1! 6.15 4.54 3.14
5.40~5! 9.1245~6! 7.6597~5! 6.5293~5! 94.785~5! 454.75~5! 100.91~3! 3.59 3.12 2.26

11.6632~8! 7.6684~5! 10.7785~7! 108.881~5! 912.1~1! 5.90 3.03 2.27
5.80~5! 11.655~1! 7.660~1! 10.785~1! 108.95~1! 910.7~2! 100.33~5! 4.43 5.76 3.84
6.20~5! 9.1200~7! 7.6562~6! 6.5173~6! 94.703~8! 453.54~5! 99.33~5! 3.03 4.11 3.04

11.6338~9! 7.6555~7! 10.7641~9! 108.967~8! 906.6~1! 6.89 4.55 3.27
6.80~5! 11.587~1! 7.650~1! 10.759~2! 109.10~1! 901.3~2! 97.2~1! 6.91 5.22 3.83
7.30~5! 11.5585~9! 7.6277~7! 10.7324~9! 109.082~8! 894.2~1! 95.57~4! 7.29 4.27 2.99
7.70~5! 11.536~1! 7.6302~9! 10.732~1! 109.22~1! 892.0~2! 94.17~5! 5.35 3.71 2.64
8.10~5! 11.5202~7! 7.6199~5! 10.7239~8! 109.187~6! 889.1~1! 93.84~4! 4.65 3.63 2.66
8.40~5! 11.469~2! 7.582~1! 10.658~2! 109.12~1! 875.6~2! 93.84~6! 4.48 3.13 2.23

a-Ba(OH)2
0.0001a 11.0111~6! 16.4994~8! 7.0954~4! 90 12.88 7.40 5.52

aCapillary measurements.
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tion does thus not change point group 2/m. However, since
the unit cell of theb2 phase is double the size of theb cell,
symmetry operations are diluted by a factor of 2, Fig. 4. T
unit cell of theb2 phase is therefore a ‘‘klassengleiche’’ s
percell of theb cell.

Above 9.0 GPa, a possible newb3 phase is evidenced b
the appearance of three additional weak peaks atd values of
7.32, 6.90, and 6.47 Å (2u56.26°,6.65°,7.09°), respec
tively, Fig. 3. At the same pressure, the relative intensities
several peaks change significantly, which is a strong ind
tion that these new observed peaks are indeed due to a p
transformation. The powder-diffraction pattern undergoes
another significant change at 10.1 GPa where the intensit
the strong reflection aroundd54.41 Å (2u510.4° in Fig. 3!
shows a dramatic decrease. This new feature remains
after heating, thus relaxing some of the deviatoric stre
which causes a significant decrease of the peak width.
tempts to index the diffraction patterns recorded at press
above 9 GPa withTREOR,29ITO,30 or DICVOL ~Ref. 31! were
not successful. There are four possible factors contributin
this failure: ~i! The resolution of powder-diffraction pattern
at high pressure is generally lower than what is optima
index complex structures,~ii ! the unit cells of the new phase
are larger in size~additional low-angle peaks! and thus more
complex,~iii ! the symmetry of the new phases may be lo
ered to one of the subgroups ofP21 /c such asP21 , Pc or
P1̄ adding further complexity, and~iv! anisotropic peak
shifts might occur due to nonhydrostatic pressure conditio
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It cannot be entirely excluded that the various proposed n
phases are in fact only one single phase, where the
appearing peaks at 9.0 GPa are simply too weak to be
tected at lower pressures. We consider this as rather unli
mainly in view of the strong changes in relative intensiti
within the diffraction patterns parallel to the appearance
new reflections, Fig. 3. Theb2 phase, on the other hand
seems indeed to represent a new polytype despite the
that it is evidenced by only a single peak. The already rat
low symmetry and thus high number of peaks make it v
difficult to detect any new peaks other than the lowest-an
ones. In fact the proposedb2 supercell is the smallest pos
sible unit cell explaining all of the observed peaks.

3. Structural evolution ofb- and b2-Ba„OH…2 with pressure

Structural refinement of the low-symmetry compoun
against the high-pressure powder-diffraction data turned
to be difficult. This is because of three reasons:~i! Our data
are limited in the accessible 2u range, due to the use of th
DAC; ~ii ! the pressure-generating environment induces a
tional diffraction lines, which partly overlap with the samp
signal, Fig. 1;~iii ! high-pressure data show peak broaden
due to nonhydrostatic conditions. These factors made it
possible to refine a structure in theb2 model against the data
above 4 GPa. Additional constraints had to be introduced
order to improve stability and convergence of the lea
squares refinement. As a possible constraint we assumed
the symmetry-reducing distortion is small and therefo
3-3
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TABLE II. Atom positions and atomic displacement paramet
of b-Ba(OH)2.

x y z Uiso

0.0001 GPa
Ba1 0.6023~3! 0.6401~3! 0.2498~4! 0.02
Ba2 0.1810~2! 0.5484~3! 0.2168~3! 0.02
O1 0.881~2! 0.491~2! 0.190~2! 0.025
O2 0.416~2! 0.358~2! 0.164~3! 0.025
O3 0.607~2! 0.337~2! 0.476~3! 0.025
O4 0.153~2! 0.287~2! 0.467~3! 0.025

0.95 GPa
Ba1 0.6029~3! 0.6407~2! 0.2515~4! 0.0049~9!

Ba2 0.1803~2! 0.5479~2! 0.2153~3! 0.0080~8!

O1 0.873~1! 0.469~2! 0.172~2! 0.005~6!

O2 0.410~1! 0.358~2! 0.150~2! 0.003~6!

O3 0.602~2! 0.343~2! 0.501~2! 0.016~6!

O4 0.167~2! 0.295~2! 0.462~3! 0.03
1.3 GPa

Ba1 0.6033~3! 0.6417~3! 0.2496~4! 0.010~1!

Ba2 0.1794~2! 0.5481~2! 0.2171~3! 0.0085~8!

O1 0.873~2! 0.476~2! 0.176~2! 0.02
O2 0.414~2! 0.367~2! 0.152~2! 0.02
O3 0.611~2! 0.344~2! 0.505~3! 0.02
O4 0.165~2! 0.295~2! 0.463~3! 0.02

2.0 GPa
Ba1 0.6043~3! 0.6426~3! 0.2486~4! 0.012~1!

Ba2 0.1792~3! 0.5487~3! 0.2165~4! 0.010~1!

O1 0.872~2! 0.478~2! 0.188~3! 0.02
O2 0.415~2! 0.368~2! 0.154~3! 0.02
O3 0.608~2! 0.342~2! 0.508~3! 0.02
O4 0.163~2! 0.295~3! 0.459~3! 0.02

2.5 GPa
Ba1 0.6037~3! 0.6436~3! 0.2492~4! 0.008~1!

Ba2 0.1796~2! 0.5487~2! 0.2177~3! 0.0094~8!

O1 0.871~2! 0.469~2! 0.173~2! 0.02
O2 0.412~2! 0.366~2! 0.159~2! 0.02
O3 0.612~2! 0.343~2! 0.498~3! 0.02
O4 0.164~2! 0.291~2! 0.460~2! 0.02

3.3 GPa
Ba1 0.6049~4! 0.6442~4! 0.2479~5! 0.013~1!

Ba2 0.1786~3! 0.5471~3! 0.2164~4! 0.014~1!

O1 0.871~2! 0.475~3! 0.187~3! 0.02
O2 0.421~2! 0.368~3! 0.160~3! 0.02
O3 0.616~2! 0.339~3! 0.503~4! 0.02
O4 0.168~2! 0.297~3! 0.457~3! 0.02

4.9 GPa
Ba1 0.6058~4! 0.6461~4! 0.2462~6! 0.015~2!

Ba2 0.1793~4! 0.5470~4! 0.2162~5! 0.013~1!

O1 0.874~3! 0.482~3! 0.195~4! 0.02
O2 0.417~3! 0.369~3! 0.165~4! 0.02
O3 0.615~3! 0.330~3! 0.489~4! 0.02
O4 0.166~3! 0.304~4! 0.455~4! 0.02

5.4 GPa
Ba1 0.6054~4! 0.6467~4! 0.2483~5! 0.015~2!

Ba2 0.1772~3! 0.5487~3! 0.2169~4! 0.012~1!
21410
could be neglected by using the structural model of theb
phase. This procedure allows to follow some major structu
trends such as averaged bond distances also in theb2 phase.
The assumption becomes less valid for higher press
therefore inhibiting this kind of constrained refinemen
However, it allowed us to confirm the expected trend
wards a higher coordination number. The Ba-O bond d
tances show a development towards a@9#-fold and an
@8#-fold coordination of the Ba1 and Ba2 atoms, respective
Fig. 5. This is expressed by a strong decrease of the Ba1
and Ba2-O3 bond distances, respectively. From the evolu
of the Ba-O distances, it can be expected that the phase
sitions at higher pressures may produce@10#- and even@11#-
fold coordinations around the Ba atoms. Such a behavior
shown for barium fluoride, BaF2,32–35 which has a similar
cation/anion size ratio to the barium hydroxide.

4. Pressure-induced changes of thea-Ba„OH…2

powder-diffraction pattern

The metastablea phase of Ba(OH)2 quenched from high
temperature was studied in a pressure range between 5.8
11.7 GPa. The starting material was confirmed to be p
a-Ba(OH)2 by exposing the sample in a capillary before
was loaded into the diamond-anvil cell. The high initial pre
sure resulted from the intrinsic experimental difficulty
close a screw-driven diamond-anvil cell under liquid argo
At the closing pressure of 5.8 GPa the powder diffracti

s TABLE II. ~Continued.!

x y z Uiso

O1 0.865~2! 0.467~3! 0.185~3! 0.02
O2 0.416~3! 0.379~3! 0.169~4! 0.02
O3 0.623~3! 0.326~3! 0.492~4! 0.02
O4 0.155~2! 0.297~3! 0.455~4! 0.02

6.2 GPa
Ba1 0.6057~5! 0.6474~5! 0.2488~7! 0.009~2!

Ba2 0.1764~4! 0.5484~4! 0.2186~6! 0.005~1!

O1 0.870~3! 0.479~3! 0.195~4! 0.02
O2 0.418~3! 0.379~4! 0.170~5! 0.02
O3 0.630~4! 0.332~4! 0.489~5! 0.02
O4 0.166~3! 0.286~4! 0.456~5! 0.02

FIG. 2. Crystal structures of~a! b-Ba(OH)2 and ~b!
a-Ba(OH)2, projected along theb and thec axes, respectively.
Only barium and oxygen atoms are drawn.
3-4
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pattern looks distinctly different from the reference patte
recorded from the capillary, Fig. 6. It cannot be distinguish
from the one expected from a mechanical mixture ofb2 and
a phases. There are three possible interpretations for
finding: ~i! The sample was contaminated with water duri
the loading process despite the special care paid to ke

FIG. 3. Selected integrated and scaled powder-diffraction
terns ofb-Ba(OH)2 and its high-pressure phases as a function
pressure~GPa! in a selected 2u range.~1! appearance of a new
low-angle peak indicative for theb2 phase;~2! further weak peaks
attributed to a possibleb3 phase;~3! dramatic decrease of intensit
of a strong peak around 10.1 GPa~see text for more details!.

FIG. 4. Geometric relationship between the unit cells and sy
metry operations ofb- and b2-Ba(OH)2 projected parallel to the
monoclinic axes.
21410
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under an inert gas atmosphere. This is known to promote
transformation from thea to the b phase.25 ~ii ! High pres-
sure promotes the back-transformation of the metastabla
phase to theb phase.~iii ! High pressure induces thea phase
to undergo a phase transition to yet another new phase (a2)
with a powder-diffraction pattern close to a combination
those of thea andb phases. The picture is slightly compl
cated by the observation of a strong intensity increase of
6.09 Å (2u57.53°) peak at 9.8 GPa, Fig. 6. This feature h
not been observed for theb2 or b3 phase in the previous
experiment and is therefore attributed to either thea phase
or its high-pressure polymorpha2, which is possibly created
during this experiment@hypothesis~iii ! above#. The intensity
of this peak remains high up to the highest pressure atta
and persists also during decompression back to 4.4. G
Further pressure release down to 0.3 GPa induces a fu
mental rearrangement of peak positions and intensities
wards a signal compatible with theb2 phase. It is only on
this pattern that also the prominent low-angle peak aro
d58.25 Å (2u55.55°), characteristic for thea phase, dis-
appears, Fig. 6. The observation of a cleanb2 pattern at 0.3
GPa upon decompression is remarkable. It suggests
pressure cycling the metastablea phase creates theb2 phase
at a pressure which in the previous experiment was still w
within the stability range of theb phase during compression
The b2 material generated in such a way remained sta
upon subsequent repressurizing up to 8.4 GPa. This indic
a very large hysteresis loop for theb-to-b2 phase transition.

B. Compressibility

The compressional behavior of theb and b2 phases of
Ba(OH)2 is very similar. TheP-V curve does not show an
observable discontinuity when compressingb-Ba(OH)2,
Fig. 7. The pressure steps around 1–2 GPa do also not a
to resolve a discontiunity in the first derivative of theP-V
evolution. From this it is also not surprising that the volum
of the b2 unit cell obtained at 0.3 GPa from cycling thea
phase lies exactly on theP-V curve of theb phase.

Since we cannot recognize any discontinuity in the fi
two moments of the volume versus pressure evolution, i
justified to fit the data of both phases with one equation
state~EOS!. A third-order Birch-Murnaghan~BM! EOS was
fitted to theP-V data between 0.0001 and 8.1 GPa, Fig.
The last pressure point of theb2-phase stability at 8.4 GPa
was excluded due to its deviating behavior, which could
caused by theb2-to-b3 phase transition, which occurs be
tween 8.4 and 9.0 GPa. The values obtained for the isot
mal bulk modulus and its pressure derivative areK0
535(2) GPa andK8512(1) at V05501.97(2) Å3 (x2

52.9). The value ofK8 is unusually high. This is probably
because of the subtleb-to-b2 phase transition around 4 GP
Therefore, an attempt was done to fit two separate seco
order BM EOS’s to theP-V data. A first one included data
up to 3.3 GPa, i.e., pressures below the expectedb-to-b2
phase transition~excluding the 0.3-GPa pressure poin!,
and a second one included the data from 4.9 to 8.1 G
In both fits K8 was fixed to a value of 6. This results i

t-
f

-
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FIG. 5. Barium-oxygen distances~angstrom!
of compressedb-Ba(OH)2 as a function of pres-
sure.~a! Ba1-O,~b! Ba2-O.
he
of

is
The
e
ition.
s-

ve.
her

pa

g

g
e

FIG. 6. Selected integrated and scaled powder-diffraction
terns ofa-Ba(OH)2 as a function of pressure~GPa! in a selected
2u range. The patterns are arranged from top to bottom accordin
the sequence of pressure change. The top two patterns~capa and
b2 at 5.4 GPa! as well as the bottom pattern~capb) are reference
patterns for comparison.~1! highlights a peak showing a stron
intensity increase at 9.8 GPa.~2! points out the disappearance of th
a-specific low-angle peak when releasing pressure to 0.3 GPa~see
text for more details!. Cap.5 capillary measurement.
21410
K0540(1) GPa,V05501.97(2) Å3 (x255.0) for the low-
pressure range, andK0560(4) GPa, V05491(2) Å3 (x2

53.1) for the upper-pressure range, respectively. T
bulk moduli obtained are very similar to the bulk moduli
other hydroxides, such as Mg(OH)2 @K0554(2) GPa,
K854.7(2)#,4 Ca(OH)2 @K0538(2) GPa, K855.2(7)],8

Mn(OD)2 @K0541(3) GPa,K854.7 ~fixed!#,12 Co(OD)2
(K0;48 GPa),12 and Ni(OD)2 (K0;52 GPa).1 A decreas-
ing bulk modulus with increasing cation/anion size ratio
expected due to the softer behavior of the larger cations.
unresolvable discontinuity in the evolution of the volum
versus pressure suggests a second-order phase trans
This, however, is in contradiction with a possible large hy
teresis loop of theb-b2 phase transition as discussed abo
To resolve this puzzle, more finely stepped data with hig
precision are required.

t-

to

FIG. 7. Reduced unit-cell volumes ofb- andb2-Ba(OH)2 as a
function of pressure. The circledb2 point at 0.3 GPa is retrieved
from a pressure-cycled loading of thea phase~see text for more
details!.
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IV. CONCLUSIONS

Our study reveals a rather complex structural behavior
Ba(OH)2 at high pressure. Theb phase undergoes at lea
one, possibly three, pressure-induced phase transitions.
a phase, on the other hand, is destabilized by high press
indicated by the formation of theb2 phase after applying an
releasing pressure toa-Ba(OH)2. Within the limits of our
powder data, we recognize an~expected! trend towards
higher coordination numbers. The compressibility of theb
phase does not show any discernible discontinuity at
structurally observed phase change. The values for the
moduli are in line with the compressibility of other hydro
ides.

A similar complex phase diagram at high pressure is
served for BaF2. In view of the fact that at high pressure th
structural complexity of both hydroxides and fluorid
~where no hydrogen bonds can be formed! gains in complex-
ity, we postulate that hydrogen bonding plays a second
role in the pressure-induced phase transitions. The prim
influence is suggested to be the size ratio between cat
and anions. This hypothesis is corroborated by the simila
of the high-pressure phase of compounds with small cat
to the ambient condition structure of hydroxides with lar
cations @e.g., Ca(OH)2 and Sr(OH)2]. Furthermore,
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