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pendicular to the hexagonal axis (3, 5–7). Busing and
In situ high-pressure Raman spectroscopy was used to inves- Levy (3) proposed an ‘‘umbrella’’ shaped distribution as

tigate the phase stability of powder and single crystal port- a model for the hydrogen motion in Ca(OH)2 with the
landite, Ca(OH)2 , up to 22 GPa. Our results show that the H tilted slightly off the axis parallel to the hexagonal
room temperature, high-pressure behavior of this compound is axis. Later in 1993, Desgranges et al. (7) reinvestigated
strongly influenced by grain size. Compression of fine grained the structure of Ca(OH)2 via neutron diffraction and
powder Ca(OH)2 (,500 Å in thickness) leads to pressure-in-

proposed a three-site split-atom model for the H atomduced amorphization at around 11 GPa, as shown by extreme
motion. In this model, hydrogens are not freely precessingbroadening of the Raman features. This is in agreement with
around the z axis, but are localized at three equivalentprevious studies of powder samples of Ca(OH)2 . However, when
sites, directed toward three oxygens in an adjacent layersingle crystal samples (thickness p10 mm) are used, new Ra-

man peaks replace the portlandite spectrum at 6 GPa, indicat- (see Fig. 1). This configuration apparently favors hydro-
ing a crystal-to-crystal phase transformation. The new Raman gen bond formation and, in the case of Mg(OH)2 , is
spectrum does not match either of the two known phases, enhanced with increasing pressure (8).
portlandite or the baddeleyite form. A comparative Raman Several high-pressure X-ray studies on brucite,
study shows that the new phase resembles Sr(OH)2 . The new Mg(OH)2 , showed that this phase (at least the Mg–O net-
form of Ca(OH)2 eventually undergoes pressure-induced amor-

work of the structure) persists up to 35 GPa at room tem-phization around 20 GPa, suggesting that it is not thermody-
perature (9, 10). Shock experiments (11, 12) also confirmednamically stable at this condition. Under decompression, both
the stability of Mg(OH)2 up to 97 GPa. In contrast,single crystal and fine grained samples completely revert back
Ca(OH)2 , Ni(OH)2 , and Co(OH)2 all exhibit a reversibleto portlandite. These observations suggest that small grain size

can stabilize the low-pressure phase in the powder samples, pressure-induced amorphization near 11 GPa. For
thus allowing the 6 GPa phase transformation to be by-passed Ca(OH)2 , this crystal-to-amorphous transition has been
and amorphization to occur.  1996 Academic Press, Inc. confirmed by X-ray diffraction (13, 14), infrared, and Ra-

man studies (13, 15, 16), and Ni(OH)2 and Co(OH)2 has
been inferred from in situ IR measurements (17, 18). The

INTRODUCTION anomalous stability of crystalline Mg(OH)2 in comparison
to the other three isomorphic hydroxide compounds isInterest in spectroscopy of portlandite, Ca(OH)2 , began
not well understood. Duffy et al. (16) proposed that thein the early twentieth century when its complex IR spec-
disordering of the hydrogen sublattice may play an im-trum was observed and seemed to be in conflict with the
portant role in amorphization of Ca(OH)2 , and resultscrystal structure elucidated from X-ray diffraction. After
from the kinetic frustration of an underlying crystallinefurther investigation, the structure of portlandite was con-
phase transformation. Recently, a pressure-inducedfirmed to be in the hexagonal system with space group
crystalline phase transformation has been observed inP3̄m1 (D3

3d ), based on both X-ray (1, 2) and neutron dif-
Ca(OH)2 at high temperature, to a baddeleyite-typefraction data (3), and the infrared data were reinterpreted
(monoclinic ZrO2) structure (19), near 9 GPa. In this high-to be consistent with this determination (4). Ca(OH)2 is a
pressure phase, the calcium atoms are in quasi-sevenfoldlayered compound (Fig. 1) and may be considered as a
coordination. The hydrogen positions of the baddeleyite-quasi-two-dimensional crystal. Many divalent hydroxides
type Ca(OH)2 phase have now been determined from pow-such as Mg(OH)2 , Ni(OH)2 , and Co(OH)2 also crystallize
der neutron diffraction data (20).in this structure. In these compounds, the hydrogen atoms

exhibit a large degree of thermal motion in the plane per- The initial purpose of this study was to investigate the
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FIG. 1. Crystal structure of Ca(OH)2 at ambient conditions. The dotted lines show the preferential orientations for the H atoms as described
in the three-site split-atom model (see text).

hydrogen behavior of this high-pressure high-temperature EXPERIMENTS
phase of Ca(OH)2 using Raman spectroscopy. However,

Ca(OH)2 powder was obtained commercially from Alfa.in the process of synthesizing this phase for spectroscopy
X-ray diffraction patterns showed a trace amount (p0.5%)in the diamond anvil cell, we found a surprising result when
of CaCO3 contamination. The powder sample was usedsamples of different grain sizes were used. Fine grained
with no further purification. Single crystals of Ca(OH)2Ca(OH)2 (thickness p500 Å) exhibits pressure-induced
were obtained by melting and recrystallizing the powderamorphization near 11 GPa as previously reported. Single
sample in the piston cylinder apparatus. The sample wascrystals of Ca(OH)2 (thickness p10 em), however, un-
brought up to 8508C and 12 kbar, above the melting curvedergo a reversible pressure-induced crystal-to-crystal tran-
reported by Irving et al. (21), and was slowly cooled isobari-sition near 6 GPa. This high-pressure phase in turn amor-
cally to room temperature. After pressure was released,phizes near 20 GPa. The Raman spectra of this new high-
single crystals of Ca(OH)2 were obtained. The averagepressure crystalline phase is not consistent with either the
dimensions of the crystals used in this study wereportlandite or the baddeleyite form, but closely resembles
50 em 3 50 em 3 10 em, while the grain size of thethat of Sr(OH)2 .
powder sample was determined to be 1 em 3 1em 3 500In this study, the new results on single crystals are pre-
Å, using a combination of electron imaging with a JEOLsented and compared to the present and previous results
JXA-8600 electron microprobe and analysis of the aniso-for powder samples. The grain size effect on the crystal-
tropic broadening of the X-ray peaks. Both powder andto-crystal phase transition and amorphization in Ca(OH)2

single crystal samples were subjected to two conditions:are discussed in analogy to other systems where grain size
nonhydrostatic (no pressure medium) and quasi-hydro-plays a role in high-pressure phase transitions. In addition,
static (argon pressure medium) environments. The samplesa possible crystal structure of the high-pressure phase of

the single crystal samples is proposed. were contained in stainless-steel gaskets drilled to 100 em
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in diameter and preindented to approximately 70–80 em cur below 700 cm21 and are considered lattice modes. The
A1g and Eg modes at 357 and 254 cm21, respectively, involvethick. Several runs were performed, using both Marrill-

Bassett and Mao-Bell type diamond anvil cells, and pres- translational displacement of the OH unit while the Eg

mode at 675 cm21 involves OH rocking motion.sure was determined by the shift in the R1 ruby fluo-
rescence line (22). In situ Raman measurements were per-
formed using a S.A. triple spectrometer (S3000) with a a. Powder Sample Spectra
Princeton Instrument charged-coupled device (CCD) PI-

The highest pressure obtained for nonhydrostatic (NH)1100 detector. The samples were excited with an Ar1 Co-
and quasi-hydrostatic (QH) powder studies are 12.6 andherent 90-5 laser operating at 488 nm, and the data were
12.1 GPa, respectively. Raman spectra for the NH run arecollected in 1808 backscattering geometry.
shown in Fig. 3 and are similar to those obtained for the
powder sample under quasi-hydrostatic compression. In-RESULTS
creasing pressure causes the lattice modes to shift to higher
frequencies. The OH frequency, on the other hand, is redAn ambient pressure Raman spectrum of Ca(OH)2 is

shown in Fig. 2 and is in good agreement with previous shifted upon compression, indicating an increase in the
hydrogen bond strength between layers. For both NH andmeasurements. According to factor group analysis (23),

there are four Raman active modes (2A1g 1 2Eg) and QH runs, all of the Raman bands broaden with increasing
pressure. Near 8 GPa, there is a marked reduction in inten-four infrared active modes (2A2u 1 2Eu) for this crystal

structure. Since the calcium atoms are located on inversion sity and no peaks can be clearly identified above 11 GPa,
denoting the onset of amorphization in powder samples.sites, the atomic displacements associated with the Raman

modes are restricted to the hydroxide sublattice. The high- The pressure at which these samples transform to the amor-
phous state is in good agreement with previous studies (10,frequency A1g band represents the internal stretching vi-

bration of the OH unit and occurs at 3617 cm21 under 13–15). Under decompression, the Raman bands asso-
ciated with the crystalline phase are recovered below 7ambient pressure. The remaining Raman active modes oc-

FIG. 2. Ambient Raman spectrum of Ca(OH)2 , along with diagrams describing atomic motions of corresponding vibrational modes. The three
lattice modes occur below 700 cm21, and are located at 254 cm21 (Eg(T)), 357 cm21 (A1g(T)), and 675 cm21 (Eg(R)). The internal stretching frequency
(A1g), involving the hydroxyl stretching vibration, is located at 3617 cm21.
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bands is very sharp and located at 3640 cm21; this band
displays almost no change in the frequency with increasing
pressure. The other band, located near 3510 cm21 at 6.5
GPa, broadens significantly and exhibits a gradual reduc-
tion in frequency with pressure. All of the Raman bands of
the high-pressure phase broaden and decrease in intensity
with further compression. At the peak pressure of 16.5
GPa, the lattice modes are barely detectable, but the OH-
stretching modes are still apparent along with a broad
underlying background. Under decompression, this sample
readily reverts back to portlandite with only a slight hyster-
esis of 1 GPa.

To confirm that this transition is not mainly driven by
the presence of a soft pressure medium, additional experi-
ments were performed using single crystal samples without

FIG. 3. Raman spectra of Ca(OH)2 powder compressed nonhydro-
statically. The Raman bands broaden and the intensity decreases with
pressure. This sample eventually amorphizes near 11 GPa as indicated
by the disappearance of the Raman bands.

GPa in the quasi-hydrostatic experiment and near 2 GPa
in the nonhydrostatic experiment. No significant residual
frequency shifts or broadening are observed in the Raman
bands of the pressure-cycled sample compared to those of
the starting material.

b. Single Crystal Spectra

The high-pressure behavior observed for the single crys-
tal sample of Ca(OH)2 is in sharp contrast to that observed
in the powdered material. In quasi-hydrostatic experi-
ments, abrupt changes in the Raman spectra are observed
at about 6 GPa (see Fig. 4). The characteristic Raman
bands of the portlandite phase are replaced by a number FIG. 4. Pressure-dependence of the Raman vibrations of single crys-

tal Ca(OH)2 in an argon pressure medium. Dramatic changes in theof new peaks in both the low- and high-frequency regions.
Raman spectrum are observed between 5.8 and 6.5 GPa, where theThese new peaks are relatively sharp, with bandwidths
characteristic Raman bands of the portlandite phase are replaced by acomparable to those of the original portlandite phase be-
number of new peaks in both low- and high-frequency regions. At the

low the transition pressure, and thus indicate a crystalline peak pressure of 16.5 GPa, the intensity of the lattice modes are very
phase transition. Two Raman bands are observed in the weak. The hydroxyl bands are still visible, and a broad background feature

has appeared.hydroxyl region above the transition pressure. One of the
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DISCUSSION

a. Comparison between Single Crystal
and Powder Samples

To examine the different behaviors between powdered
and single crystal samples, plots of pressure-dependence
of the Raman modes are shown in Figs. 6 (lattice modes)
and 7 (hydroxyl vibrations). Below 6 GPa, both powder
and single crystal samples behave similarly. Above 6 GPa,
the Raman bands belonging to the powdered samples con-
tinue along their original trend, and finally terminate at
the crystal-to-amorphous transition pressure of 11 GPa.
Single crystal samples, on the other hand, display an abrupt
change in the number of modes. This behavior can be
clearly identified as a crystalline transformation. Although
the number of bands appearing in the NH single crystal
samples is different from that observed in the QH single
crystal samples, it is highly possible that the high-pressure
phase obtained in the nonhydrostatic runs has a slight
structural modification from the phase observed in QH
single crystal samples. We will consider the spectrum taken
under QH conditions to be more characteristic of the high-
pressure phase of Ca(OH)2 and will use it in the analysis
of the phase transition.

In the hydroxyl stretching vibrations, the lowest and

FIG. 5. Raman spectra of single crystal Ca(OH)2 samples under
nonhydrostatic conditions. The transformation is observed between 6.7
and 7.6 GPa. Most of the Raman frequencies of this high-pressure phase
correlate well with those in the QH sample. However, more bands are
observed in the hydroxyl frequency region. Further compression of this
sample leads to amorphization near 22 GPa, as shown by a complete
disappearance of all the crystalline Raman bands.

pressure medium. Here, a crystalline phase transition is
also observed but at a slightly higher pressure (near 8
GPa), with some modification in the spectra in comparison
to those of the high-pressure phase seen in the quasi-hydro-
static experiment (Fig. 5). Some of the lattice modes corre-
late well with those observed for the high-pressure phase
in the single crystal QH run. In the hydroxyl stretching
region, two extra bands are observed, in addition to the
two which appear in the quasi-hydrostatic samples. These
two extra modes eventually merge into the other two bands
with further compression. The Raman bands become less
intense as the pressure increases, and the Raman spectrum
becomes featureless by 22 GPa. Upon decompression, the

FIG. 6. Pressure-dependence of the lattice modes in all samples ofsample returns to the original portlandite phase between 4
Ca(OH)2 up to 18 GPa. The squares represent single crystal experimentsand 3 GPa. In all experiments, the spectra of the quenched
(solid, quasi-hydrostatic; open, nonhydrostatic) and the circles represent

samples are similar to those of the uncompressed samples, data from powder samples. Results from this study are compared to
indicating that all of the high-pressure behavior observed Meade et al. (13) (down triangles) and Duffy et al. (10) (diamonds), where

good correspondence is achieved among the data.is unquenchable.
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thickness, portlandite persists metastably beyond this
transformation, and amorphizes at p11 GPa. Both behav-
iors are reversible with a much larger hysteresis in nonhy-
drostatic experiments than in quasi-hydrostatic experi-
ments.

The metastable persistence of the fine-grained port-
landite is similar to previous observations for the wurtzite-
to-rocksalt transition of CdSe (24) and the monoclinic-to-
orthorhombic transformation in ZrO2 (25). In these sys-
tems, the transition pressure increases as the crystallite
size decreases. The ability to extend the low-pressure phase
past an equilibrium phase transformation by decreasing
the crystallite size is also seen in AlAs/GaAs superlattices
(26). In the present example, the small grain size extends
the stability of the portlandite phase far enough that the
crystal-to-crystal transformation is completely suppressed,
and an amorphization process takes place instead.

The simplest thermodynamic scheme which gives consis-
tent interpretation of the energetics of this system is shown
in Fig. 8. The effect of reducing the grain size causes a
slight increase in the free energy of the portlandite phase.
This effect must be much more significant in the high-FIG. 7. Pressure-dependence of the hydroxyl stretching frequencies

up to 18 GPa. The symbols are the same as in Fig. 6. The original OH pressure phase of Ca(OH)2 such that the amorphous state
vibration in portlandite decreases very rapidly with pressure. One of the becomes more stable at higher pressure; thus, the crystal-
modes seen in single crystal (NH) is following the trend of the powder to-crystal transformation in powder sample is by-passed.
sample, suggesting a coexistence of the amorphous material with the

For samples of larger grains (bulk sample), the free energyhigh-pressure phase in the nonhydrostatic sample.

highest frequencies in the NH samples correlate well with
the frequencies detected in single crystal QH samples. The
second lowest frequency follows the same trend of the
powder sample, thus suggests the coexistence of mixed
phases in the NH experiment. Finally, there is a sharp peak
located at 3616 cm21 in NH runs, which is not observed in
the other samples. The origin of this peak is not known.

It is interesting at this point to compare this result to
previous measurements. Meade et al. (13) reported an ob-
servation of an additional peak above 12 GPa located at
750 cm21, while no other studies have reported this feature.
Apparently, this peak corresponds to a mode of the high-
pressure phase seen in the present study. In addition, the
hydroxyl band at 3640 cm21 observed in Meade’s study
also coincides with one of the high-pressure phase modes
found here (see Figs. 6 and 7).

b. Grain Size Effect and Amorphization

The results presented here clearly show that the high-
FIG. 8. Hypothetical free energy vs pressure diagram for Ca(OH)2pressure phase stability of Ca(OH)2 is greatly affected by

at room temperature. The curves belonging to single crystal Ca(OH)2the domain size of the sample. For larger crystalline do-
are shown with solid lines, while those of the powder samples are shownmains, on the order of tens or hundreds of micrometers,
with dashed lines. The amorphous form is indicated by a dotted line.

portlandite undergoes a crystal-to-crystal transformation, The crystal-to-crystal transition of single crystal samples and the amorphi-
followed by amorphization at p20 GPa. For much smaller zation of powdered samples occur at the pressures where the free energy

curves of the two corresponding phases cross.grain sizes, on the order of hundreds of Angstroms in
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The increasing number of the Raman bands is a good
indication of the lowering of the crystal symmetry of
the high-pressure phase in comparison to the portlandite
phase. Also, the observed hydroxyl stretching modes
indicate that there are at least two different environments
for the hydrogens in the unit cell. A characteristic large
bandwidth and negative shift with pressure of one of
the hydroxyl bands manifests hydrogen bonding. In con-
trast, the hydrogen atom associated with the OH vibration
at 3640 cm21 is probably not hydrogen bonded since its
vibration frequency remains rather constant with increas-
ing pressure, and the bandwidth does not broaden as
quickly.

The baddeleyite phase (19, 20) was considered as a
possible candidate for the high-pressure phase found
here. However, this phase was synthesized at 2508C in
a heated diamond cell, and the spectrum (27) was found
to be significantly different from that of the high-pressure
phase observed here. In particular, the number of modes
and their vibration frequencies in the hydroxyl stretching
frequency are very distinct from those of the high-
pressure phase observed here.

One strong candidate for the high-pressure phase is
of the Sr(OH)2 structure (28). It is appealing because
the relatively high symmetry (orthorhombic) and the
presence of two hydrogen sites with different bonding
characteristics are consistent with the overall features of
the Raman spectrum of the new phase. A comparison of the

FIG. 9. Raman spectra of (a) the high-pressure form of Ca(OH)2 at Raman spectrum of Sr(OH)2 (27, 29) to that of the high-
7 GPa and (b) an ambient spectrum of Sr(OH)2 . pressure Ca(OH)2 , indeed, reveals a striking similarity in

the overall pattern and number of bands between the two
phases (see Fig. 9). Further characterization of this new

of the high-pressure phase intersects that of the portlandite high-pressure phase would require an in situ X-ray measure-
phase around 6 GPa, and a crystal-to-crystal transforma- ment, which we hope to pursue in the future.
tion occurs. Further increase of pressure eventually leads
to the crossing of this free energy curve with that of the
amorphous material, therefore the amorphization of the CONCLUSIONS
high-pressure phase is observed. The fact that both the

The high-pressure behavior of Ca(OH)2 at room temper-high-pressure form (single crystal samples) and the port-
ature is strongly dependent upon grain size. Fine powderslandite phase amorphize indicate that there should exist a
undergo pressure-induced amorphization at 11 GPa, whilemore stable form of Ca(OH)2 with much lower energy than
single crystals experience a crystal-to-crystal phase transi-both the amorphous and the high-pressure forms observed
tion at 6 GPa and then amorphize around 20 GPa. Bothhere. Baddeleyite is one good candidate for a such phase.
samples completely revert to portlandite during decom-The underlying reasons for the difference in behavior
pression. A simple free energy diagram explaining the ori-between different grain sizes of portlandite, Ca(OH)2 , is
gin of these observations is suggested, and the structure ofnot clear at present. Other factors such as grain–grain
the high-pressure phase is proposed to be that of Sr(OH)2 .contact (interfaces), high surface area, variation of compo-

sition at surfaces, structural defects, and surface contami-
nation (i.e., CaCO3) can also contribute to the high-pres-
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