
Introduction

The crystal structure of lawsonite, as refined by Baur
(1978), consists of a framework of SiO4 tetrahedra and
AlO6 octahedra. The octahedra form edge-sharing chains,
cross-linked by pairs of tetrahedra (Si2O7 groups). The
cavities in this relatively dense framework contain Ca
cations, H2O groups, and protons.

Two phase transitions have been observed in lawsonite
on cooling from room temperature (Libowitzky &
Armbruster, 1995; Libowitzky & Rossman, 1996). At 273
K, the symmetry is reduced from Cmcm to Pmcn. Below
approximately 130 K, the space group is further reduced to
P21cn. In both of these transitions, the orientational order-
disorder of the water and hydroxyl groups appears to play
an important role.

Following these studies by Libowitzky and co-workers,
a number of investigations have been performed, in order to
understand the thermodynamic nature and atomic-scale

mechanisms of these transitions. Studies of these transi-
tions provide insights into the behaviour of hydrogen and
water within aluminosilicate frameworks, which may be
more generally applicable.

The temperature dependencies of the order parameters
for these transitions have been measured by a number of
different experimental methods, including studies of bire-
fringence and macroscopic thermal expansion (Sondergeld
et al., 2000), X-ray lattice refinements and infrared spec-
troscopy (Meyer et al., 2000), and neutron diffraction
(Meyer et al., 2001). The results of these studies are consis-
tent in indicating that the Cmcm–Pmcn transition is ther-
modynamically close to the Landau tricritical point (that is,
Q4 TC-T, where Q is the order parameter of the transition,
and TC the transition temperature). The lower-temperature
transition (Pmcn–P21cn) is second order, according to X-
ray diffraction measurements (Sondergeld, pers. comm.).

As well as fixing the energy scale of a phase transition,
calorimetric experiments also provide an alternative tech-
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nique to follow the temperature evolution of the order
parameter. In the specific case of a Landau tricritical phase
transition, the form of the CP anomaly is

DCP = —
4(TC)1/2—

AT
(TC –

—
T)1/2 for T £ TC (1),

where A is the scaling constant between the excess entropy
and the order parameter; DS = (A/2) Q2. Equation (1) leads
to the lambda peak which is characteristic of a near-tricriti-
cal phase transition. Martín-Olalla et al. (2001) used a
conduction calorimeter to measure the specific heat of
lawsonite in the temperature range 125 K to 325 K. The
results near the 273 K transition are reproduced in Fig. 1.

The data for heating the sample show the expected
lambda anomaly. There is a significant tail in CP above the
transition temperature, which corresponds to similar tails
seen in the results of other experiments performed on this
sample (Meyer et al., 2000; Sondergeld et al., 2000). These
tails could be due to the persistence of short-range order
above TC, or possibly dynamical effects. Due to this tail, the
measured specific heat CP, and the baseline CP0 do not
coincide, even above 273 K. The form of the baseline in
Fig. 1 is chosen so that the shape of the DCP anomaly has
the lambda form predicted by Equation 1; this method was
described and justified fully in Martín-Olalla et al. (2001).
For this study, we have simply applied this baseline to our
new experimental data.

The difference in the CP values in the immediate
vicinity of the transition for the two heating runs does not
affect the entropy calculation greatly. However, the data in
Fig. 1 also show a significant hysteresis between heating
and cooling cycles. This effect is not seen in other experi-
ments, implying that a simple model of the transition, with
a single displacive order parameter, does not completely
describe the transition behaviour. A more complete model

needs to explain two main qualitative questions – firstly,
why hysteresis is observed at all; secondly, why hysteresis
is seen in calorimetric experiments, but not in (say) sponta-
neous strain measurements.

The observed hysteresis could have one of two main
origins. One possibility is that defect microstructures are
present in the high-temperature phase, and that these
interact with the ordering process. This mechanism might
be expected to act, since the sample used by Martín-
Olalla et al. (2001) was a relatively large disc (0.9 g
mass) cut from a natural vein, and therefore possibly
quite defect-rich. An alternative hypothesis is that the
hysteresis in the specific-heat data reflects irreversibility
in the atomic mechanisms of ordering and disordering.
Both these possibilities leave open the question of why
hysteresis is seen only in the CP data, and not in other
experiments.

In order to investigate this question further, and thus to
better understand the mechanisms of ordering and disor-
dering in lawsonite, several additional calorimetric experi-
ments have been carried out. To look for possible kinetic
effects, CP measurements at faster heating and cooling
rates have been performed using ac calorimetry and differ-
ential scanning calorimetry. Differential scanning
calorimetry (dsc) allows data to be collected at a tempera-
ture ramp rate (heating or cooling) approximately 1000
times faster than conduction calorimetry. On the other
hand, the quantitative precision of conduction calorimetry
is far superior; typically, the relative error in CP measured
by conduction calorimetry is of the order of 0.01 %,
whereas for dsc, the relative error is nearer 0.5 %.

The possibility of microstructural effects being impor-
tant was tested by performing experiments with pure
natural lawsonite and a deuterium-exchanged sample; the
heat treatment associated with the exchange experiments
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Fig. 1. Specific-heat anomalies associ-
ated with the Cmcm–Pmcn phase tran-
sition in lawsonite, measured using
conduction calorimetry by Martín-
Olalla et al. (2001). The data from the
two cooling experiments (runs 2 and 4)
coincide fully. Data from adiabatic
calorimetry experiments (Perkins et
al., 1980) are included for comparison.



would be expected to anneal out many of the crystalline
defects in the natural sample. The other advantage of
studying both natural and deuterated lawsonite is the possi-
bility to study what effect (if any) deuteration has on the
transitions.

Experimental methods

Samples

The base material for these experiments was a natural
lawsonite from Valley Ford, Sonoma County, California
(sample no. 120943, Harvard University mineral collec-
tion), kindly supplied by C. Francis (Harvard University,
USA). The hand-specimen form of the sample is a vein,
several cm wide, consisting of interlocking lawsonite
grains (98 % by volume), together with a small quantity of
calcite. From a microprobe analysis (Meyer et al., 2001),
the composition of the lawsonite phase is Ca1.00Al1.95Fe0.05
Si2.00O7(OH)2·H2O.

For the conduction calorimetry experiments (Martín-
Olalla et al., 2001), a small disc was cut from this vein, and
placed in the calorimeter. It was not possible to purify the
sample while in the form of a solid block, and so correc-
tions for the impurity were applied when converting the
experimental data from mass to molar units.

The ac calorimetry and dsc experiments were
performed on powdered, purified material taken from this
sample. Marion et al. (2001) ground the natural lawsonite
to an average grain size of 77 mm. The calcite was then
removed from the sample using heavy-liquid separation
methods.

Some of this pure hydrogen lawsonite was then deuter-
ated by exchange between the sample and D2O in a ther-
mobalance furnace. Details of this process are given in
Marion et al. (2001). The annealing time required for
H D exchange was 120 h, heating at 700 K. Proton
NMR spectroscopy on the resulting material indicated that
the sample had become approximately 90 % deuterated.

Calorimetric experiments

Calorimetric measurements were made on heating and
cooling with a Perkin Elmer DSC-7 differential scanning
calorimeter between 230 K and 320 K, with a custom-built
ac calorimeter between 77 K and 310 K, and a custom-built
conduction calorimeter between 125 K and 325 K. The
conduction calorimetry experiments have been described
fully elsewhere (Martín-Olalla et al., 2001).

The samples used for the ac measurements were
pressed pellets of 3 mm diameter and 0.2 mm thickness
made of polycrystalline powder. In the ac calorimeter the
sample is excited with a square wave heating produced by
a chopped light. The beam is obtained from a halogen lamp
and is driven through an optical fibre onto the sample,
producing a temperature oscillation of a few mK. The
temperature oscillation is detected with a Chromel-Alumel
thermocouple of 0.025 mm diameter wires, glued to the
sample with GE7031 varnish. A small pressure (10 mbar)

of He gas provides a heat leak from the sample to a
surrounding Cu block. Platinum and Cernox thermometers
give the absolute temperature value of the block. The
temperature of the sample is slightly above the temperature
of the Cu block. The average difference, DT (dc), is
obtained from measurements of the thermocouple signal
with the heating beam on and off. The value DT (dc) is
inversely proportional to the thermal conductivity of the
exchange He gas. The correction to the sample tempera-
ture, DT (dc), can be extrapolated at every temperature with
the conductivity of He.

The thermal relaxation of the apparatus is charac-
terised by two important timescales: the internal relax-
ation of the sample (which is short), and the relaxation
between the sample and the Cu block (which is substan-
tially longer). Provided the oscillation period of the exci-
tation lies between these two values, the amplitude of the
thermal oscillation is inversely proportional to the
specific heat.

Frequencies between 1 and 4 Hz and heating and
cooling scanning rates between 10 and 30 K h-1 were used.
The sample temperatures were corrected for the dc over-
heating of the sample and the corresponding sensitivity of
the thermocouple was recalculated. The ac measurements
provide relative specific-heat values that were subsequently
scaled with an absolute value taken from the dsc data.

For the dsc measurements low temperatures were
obtained with an aluminium block attached to the sample
holder, refrigerated with a flow of liquid nitrogen and
controlled at a fixed temperature. The sample holder was
kept in a dry box with a flow of helium gas to avoid water
condensation. The measurements were carried out using
around 20 mg of each powdered sample sealed in
aluminium pans with a mechanical crimp. Temperature and
enthalpy calibrations were made with standard samples of
indium and cyclohexane. An empty pan and a synthetic
sapphire sample were also measured to assure the accuracy
of the heat capacity results. The temperature ramp rate was
10 K min-1. An overall accuracy of 0.2 K in temperature
and 2 % in heat capacity is estimated over the whole
temperature range.

Results

Using ac calorimetry and differential scanning
calorimetry, specif ic-heat data were collected for H-
lawsonite and D-lawsonite at two different heating /
cooling rates, both of them faster than that for the conduc-
tion calorimetry experiments. In Fig. 2 to 5 below, we
compare the results of these experiments with each other,
and with the conduction calorimetry data of Martín-Olalla
et al. (2001), in order to study the effect of heating /
cooling rate and deuteration on the Cmcm–Pmcn transition.
The Pmcn–P21cn phase transition was harder to access in
the conduction calorimeter, and so a complete comparison
of the data for different cooling rates was not possible. The
ac calorimetry data, and the data that exist from conduction
calorimetry for natural and deuterated lawsonite are shown
in Fig. 6 and 7.
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Effect of temperature ramp rate on the Cmcm–Pmcn
phase transition

Figure 2 shows the results of the ac and conduction
calorimetry experiments for heating and cooling runs. The
ac data for both heating and cooling the material show a
rounded CP anomaly, which is essentially the same as the
anomaly seen when cooling the sample more slowly. These
curves all differ significantly from the form of the CP
anomaly resulting from slow heating of an ordered sample.

The temperature ramp rate in differential scanning
calorimetry is even more rapid than in ac calorimetry. This
leads to a rounded CP anomaly, whether the sample is
heated or cooled, as shown in Fig. 3.

To summarise, two qualitatively distinct types of
specif ic-heat anomaly are seen in lawsonite, depending

on the heating conditions. If the sample is heated slowly,
a lambda anomaly is seen, which is consistent with a
near-tricritical model of the transition. This conclusion
coincides with the results of other types of experiment
performed on this material (Meyer et al., 2000, 2001;
Sondergeld et al., 2000), and with an adiabatic
calorimetry study of lawsonite (Perkins et al., 1980), as
re-analysed by Martín-Olalla et al. (2001). If specif ic-
heat measurements are taken while cooling lawsonite, or
if the temperature ramp rate is large, qualitatively
different specific-heat behaviour results. The rounded CP
anomaly is more characteristic of a limiting second-order
phase transition. Thus, the correlation between the
specif ic heat and other anomalies associated with the
phase transition expected in a Landau-like phase transi-
tion is lost.
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Fig. 2. Comparison of specific-heat data for
lawsonite, measured by conduction calorimetry
and ac calorimetry.

Fig. 3. Comparison of specific-heat data for
lawsonite, measured by conduction calorimetry
and dsc calorimetry. The apparent hysteresis of
ca. 2 K between heating and cooling cycles is an
artefact of the calorimetric technique. The data
series “conduction calorimetry-cooling” (solid
line) and “dsc-heating” (up-pointing triangles)
virtually coincide.



Effect of deuteration on the Cmcm–Pmcn phase
transition

The specific heat of deuterated lawsonite was measured
by ac calorimetry and differential scanning calorimetry. The
powdered material resulting from the deuterium exchange
experiment was not suitable for use in the conduction
calorimeter. Figures 4 and 5 compare the results of these
two types of calorimetry with the equivalent experiments
carried out on the natural samples. The resulting differences
are mostly insignif icant. One difference that may be impor-
tant is the peak that appears around 275 K when the sample
is heated in a dsc experiment. The absence of a similar peak
in the ac data may be due to kinetic effects. An alternative

possibility is that the peak in the dsc data represents a latent
heat associated with the transition, which would not be
recorded in the ac calorimetry experiment. This would
imply that the transition is slightly first order.

Effect of temperature ramp rate on the Pmcn–P21cn 
phase transition

For experimental reasons, the data for the lower-temper-
ature transition are less extensive than for the 273 K transi-
tion. In particular, the conduction calorimetry data stop at
approximately 125 K, and so show little beyond the pre-tran-
sition effects. Comparison of these (rather limited) data with
the results of ac calorimetry do not display any differences
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Fig. 4. Specific heat in natural hydrogen
lawsonite and deuterated lawsonite, measured
by ac calorimetry.

Fig. 5. Specific heat in natural
hydrogen lawsonite and deuterated
lawsonite, measured by differential
scanning calorimetry. The apparent
hysteresis of ca. 2 K between heating
and cooling cycles is an artefact of the
calorimetric technique.
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due to changes in heating rate; these data are shown in Fig.
6. The anomaly measured using adiabatic calorimetry by
Perkins et al. (1980) has a similar form, though its magni-
tude is somewhat larger. The same effect is seen at the 273
K transition (Fig. 1); its origin is unclear. It should be noted
that the lawsonite studied by Perkins et al. (1980) was from
a different locality, and that even small differences in
composition or microstructure may mean that the data are
not strictly comparable with the data reported here.

Effect of deuteration on the Pmcn–P21cn transition

Comparison of the data for pure and deuterated
lawsonite indicates that the Pmcn–P21cn transition does

have an important isotope effect (Fig. 7). This result is
consistent with the neutron-diffraction study of Meyer et
al. (2001), who found transition temperatures T2 = 130 K
for natural lawsonite and T2 = 143 K for D-lawsonite.
However, there is no significant hysteresis in the transition.

Excess entropy calculations

Comparison of the various CP (T) curves in Fig. 1 to 7
shows that the evolution of the specific heat varies with the
rate and direction of the temperature ramp. However, the total
entropy difference between the fully ordered low-temperature
state, and the disordered Cmcm state should be independent
of the kinetic pathway taken between these two states.
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Fig. 6. Comparison of specific-heat
data in natural lawsonite near the
Pmcn–P21cn phase transition,
measured by conduction calorimetry,
adiabatic calorimetry, and ac
calorimetry. The two ac calorimetry
data sets (heating and cooling) virtu-
ally coincide.

Fig. 7. Specific heat in natural hydrogen
lawsonite and deuterated lawsonite near the
Pmcn–P21cn phase transition, measured by ac
calorimetry. The two data sets for natural
lawsonite (heating and cooling) virtually coin-
cide.



Figure 8 shows the excess entropy against temperature
for those experiments where a sufficiently long series of CP
(T) data was collected. The excess specific heat in each
experiment was calculated with respect to a common base-
line, shown as a dotted line in Fig. 1 to 7. At 125 K (i.e. just
above the transition temperature for the Pmcn–P21cn tran-
sition), the total entropies measured by the three experi-
ments do agree reasonably well.

A comparison can also be made with a theoretical value
of the excess entropy. Assuming that the Cmcm–Pmcn tran-
sition is strictly Landau tricritical, and that the maximum
value of DS = -5.76 J K-1 mol-1 (i.e., the expected value for
one H species ordering from two sites to one), we obtain the
dotted line in Fig. 8. The experimental DS (T) curve for the
conduction calorimetry experiment agrees quite well with
this at all temperatures, except for a slight break in curvature
around 200 K. The more rapidly measured ac calorimetry
data do not agree with theory so well, particularly for T
slightly below 275 K. At lower temperatures, around 150 K,
these experimental curves appear to be coming into better
agreement with theory. At very low temperatures, there is a
kink in the entropy vs. temperature curve, as the
Pmcn–P21cn begins to contribute to the total entropy.

Below the transition temperature for the Pmcn–P21cn
transition, the excess entropy contains contributions from
both the transitions. Separation of these two effects will be
problematic, in part because the two order parameters should
couple, which will affect their temperature dependencies.

Although the exact evolution of the two parameters is not
known at low temperatures, we may make an estimate of the
entropy associated with the Pmcn–P21cn transition on the
basis of Fig. 8. If we assume that the dotted line, representing
a Landau tricritical transition with TC = 275 K and DSmax =
5.76 J K-1 mol-1, is an accurate description of the
Cmcm–Pmcn transition, then the excess is the contribution of
the Pmcn–P21cn transition. This excess is plotted in Fig. 9.

There are a number of problematic aspects to this anal-
ysis. As well as the uncertainty in the exact temperature
evolution of the order parameters, the assumption that the
ac calorimetry data are accurately described by a Landau
tricritical model is not borne out by the experimental data in
the range T > 125 K. It is true that the total entropy around
125 K is approximately correct, but it is not necessarily the
case that this agreement continues at lower temperatures.
Nevertheless, the excess in the excess entropy (Fig. 9) is
linear in the temperature range 105 K < T < 130 K, which
is consistent with the X-ray diffraction observations of
Sondergeld (pers. comm.), that the behaviour of the
Pmcn–P21cn transition is limiting second order.
Extrapolating this line to 0 K gives a maximum value of the
excess entropy DSmax = 3.75 J K-1 mol-1. This is rather lower
than the value DSmax 6 J K-1 mol-1, which Martín-Olalla et
al. (2001) obtained by measuring the size of the CP step in
the data of Perkins et al. (1980). However, these results are
all very sensitive to the exact form of the CP baseline used;
depressing the baseline shown in Fig. 7 by approximately 2
J K-1 mol-1 would be sufficient to bring the experimental
value of DS into agreement with the theoretical predictions.
Such a change would not affect the qualitative form of the
baseline, neither would it alter the linearity of the entropy
vs. temperature graph. The deviation from linearity seen in
Fig. 9 may also be the result of a small baseline error.

Discussion

In this study, we have measured the specific heat of
natural and deuterated lawsonite across two phase transi-
tions, using three different calorimetric methods. The most
obvious difference between conduction calorimetry, ac
calorimetry and dsc calorimetry is the temperature ramp
rate – approximately 1000 times faster in dsc than in
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Fig. 8. Temperature dependence of
excess entropy due to the phase transi-
tions in lawsonite, measured using
conduction calorimetry and ac
calorimetry. The “Landau tricritical
model” curve shows the DS (T)
behaviour expected for a single tricriti-
cal transition, with TC = 275 K and
DSmax = 5.76 J K-1 mol-1.
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conduction calorimetry. By considering the effect of this
change in ramp rate, and the effect of deuterium substitu-
tion, on the specific heat data for each transition, we may be
able to gain insights into the mechanisms of each transition.

Cmcm–Pmcn transition

Other experimental methods (Meyer et al., 2000, 2001;
Sondergeld et al., 2000) essentially measure the macro-
scopic order parameter of the phase transition, and show
that its behaviour is near to the Landau tricritical point. The
calorimetric data are only consistent with this for a sample
heated very slowly (i.e., conduction calorimetry or adia-
batic calorimetry). If the sample is cooled instead of being
heated, or heated too rapidly, the appropriate correlation is
lost. The heating regime used in ac calorimetry (a linear
ramp of 30 K h-1, with oscillations of, on average,
± 200 K h-1 superimposed), is “too fast” in this context,
though further experiments would be required to determine
the critical heating rate. Another open question is whether
there is some cooling rate (which would need to be below
0.6 K h-1) below which the measured specif ic-heat
anomaly correlates with the changes in the order parameter
in the way expected by a simple theory.

The failure of the specific-heat data to correlate with
the changes in the order parameter is not improved by
powdering and purifying the sample, or by the annealing
associated with H–D exchange. Both of these processes
would be more likely to reduce the effects of defect
microstructures on the transition than to increase them. The
calorimetric data therefore seem to imply that this
behaviour is an intrinsic result of the transition mechanism,
rather than being the consequence of a defect-rich sample.

A further point is the absence of any isotope effect; the
same result was found by Meyer et al. (2001). The impor-
tance of this result is that most transitions involving proton

ordering have different transition temperatures for hydrogen
and deuterium phases; examples include KH2PO4–KD2PO4
(Samara, 1973) and TlH2PO4–TlD2PO4 (Ríos et al., 1998).
In general, the isotope effect is related to the different
quantum mechanical tunnelling probabilities for a proton or
deuteron hopping between two crystallographic sites. This
change in tunnelling probability may arise from changes in
the geometry of the tunnelling sites, or it may come from
the difference in mass between a proton and a deuteron.
Both these mechanisms imply a phase transition driven by
the ordering of the protons or deuterons. Conversely, the
fact that the Cmcm–Pmcn transition in lawsonite does not
display an isotope effect indicates that the proton ordering
is not the instability driving the transition.

Combining these observations, we may envisage that
the transition involves two processes: a displacive collapse
of the aluminosilicate framework, and the ordering of
protons. Cooling from the Cmcm phase, the framework
instability causes a collapse at 273 K, irrespective of
whether the structure is filled with protons or deuterons.
The hydrogen species then order within the collapsed
framework. This ordering happens heterogeneously, by the
nucleation and growth of ordered domains.

This model explains the various effects seen in the
Cmcm–Pmcn transition. The spontaneous strain, and quan-
tities closely related to it, such as birefringence and hard
phonon frequencies, will be dominated by the changes to
the framework. These changes happen as a simple
reversible displacive transition. The free energy, on the
other hand, will include a contribution from the proton
ordering, which appears to be kinetically constrained from
coupling perfectly to the framework collapse.

The peak in CP seen near 275 K for heating deuterated
lawsonite in a dsc experiment (Fig. 5) could be an example
of this imperfect coupling. Since the heating rate is very
rapid (some 10 K min-1), the disordering may not proceed
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Fig. 9. Temperature dependence
of the excess entropy associated
with the Pmcn–P21cn phase tran-
sition in lawsonite, measured by
ac calorimetry.



rapidly enough to maintain equilibrium with the rest of the
structure. A peak in the heat flow would then be expected
if a first-order increase in the degree of proton disorder
took place.

Consequently, the excess entropy is, in general, not a
simple function of the displacive order parameter only. The
exception is that, if the sample is heated very slowly, the
disordering of the protons does seem to be proportional to
the changes in the framework. However, even in this case,
there are anomalies just below and above TC (Sondergeld et
al., 2000; Martín-Olalla et al., 2001), which may be due to
the persistence of some short-range order above the transi-
tion temperature.

Pmcn–P21cn transition

The experimental data for the second transition are less
extensive, mainly because the transition temperature is less
accessible. A particular difficulty is the lack of more exten-
sive conduction calorimetry data for this transition.
However, there is no evidence for the CP anomaly showing
any dependence on the temperature ramp rate, or any
hysteresis between heating and cooling. What data there
are indicate that this transition is close to the second-order
limit, with the standard DS Q2 proportionality of Landau
theory. The extrapolated excess entropy for this transition is
somewhat lower than the configurational entropy for two-
site ordering (experimental DS = 3.75 J K-1 mol-1,
compared with a theoretical value 5.76 J K-1 mol-1), but the
error on the experimental figure is rather large, and so the
discrepancy between the two figures may not be signifi-
cant.

A further point is that there is an isotope effect on the
transition temperature. This provides evidence that this
transition is driven by an instability in the proton lattice,
and that the framework distortion is a secondary effect.

Whereas the proton ordering in the Cmcm–Pmcn tran-
sition appears to develop by the growth of locally ordered
domains, the ordering in the Pmcn–P21cn transition is
more homogeneous – hence the lack of hysteresis. One
factor is that the P21cn phase is a proper ferroelectric,
unlike the higher-temperature structures. The resulting
electrical coupling will probably be more effective at
forcing uniform behaviour than the rather small elastic
strain coupling. Another possible reason for the lack of
hysteresis is the reversal of the “driving” and “secondary”
processes, compared with the Cmcm–Pmcn transition.
When proton ordering takes place as a response to the
spontaneous strain of a displacive transition, it is possible
for this ordering to build up gradually from short-range to
long-range order. On the other hand, a displacive transition
responding to proton ordering is more likely to change

uniformly, given the long-range nature of elastic interac-
tions.
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