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In situ observation of amorphous-amorphous apparently first-order phase
transition in zeolites
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In this letter, the authors present the observation of the phase transition between low-density
amorphous �LDA� and high-density amorphous �HDA� zeolites using a high pressure Raman
spectroscopy. It is found that this transition is apparently of the first order and occurs with a silicon
coordination rise. It is shown that the Raman spectra of the LDA-HDA phase transitions in zeolites
and in silicon are almost identical, suggesting a generality of amorphous-amorphous transformations
both in simple substances and in complex polyatomic materials with tetrahedral configurations.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2357567�
Investigations of polyamorphism, the coexistence of dif-
ferent amorphous phases of the same composition but differ-
ent densities, were triggered by the discovery of a high-
density amorphous phase of water.1 Amorphous zeolites have
recently attracted great attention in view of polyamorphism:
Meneau and co-workers,2,3 studying the dynamics of either
pressure-or temperature-induced amorphization of crystalline
zeolites using the x-ray diffraction and the small-angle x-ray
scattering, have discovered that the dynamics of order-
disorder transitions in zeolites under temperature and pres-
sure are equivalent. They also found that the temperature
dependence of the amorphization times �A for zeolites fol-
lows the Arrhenius law in contrast to the temperature depen-
dence of the structural relaxation times � for the conventional
glasses of the same composition, which conforms to the
Tamman-Vogel-Fulcher law. Meneau and co-workers2,3 asso-
ciate the initial amorphous phase in a zeolite with the low-
density amorphous �LDA� phase and the conventional glass
of the same composition with the high-density amorphous
�HDA� phase.

The nature of phase transformations in topologically dis-
ordered systems such as amorphous solids has not been ad-
equately studied as yet,1,4 since the interaction between
amorphous phases is rather complicated. There is a native
dispersion of energies for individual elementary atomic clus-
ters �or individual atoms for simple substances� in amor-
phous phases; consequently, the energy relation between two
idealized amorphous phases is complicated because the tran-
sitions between elementary clusters of different structural
types are possible for both directions.5 Moreover, the distri-
butions of local energy minima for the amorphous basins can
correspond to energy bands. This means, for example, a pos-
sibility of continuous transformation between amorphous
phases, in contrast to crystals, in which the point of transition
is clearly defined by intersection of the Gibbs free energy
curves.

The pressure-induced transformations in amorphous
phases were observed in a few tetrahedral coordinated mate-
rials. Such transformations have appeared basically different:
In H2O and Si, it is the first-order transition characterized by
a discontinuous volume change,4,6 and the transition ob-
served in SiO2 and GeO2 is gradual and continuous.7,8
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Brazhkin and Lyapin9 have drawn a conclusion that the tran-
sition type is determined by the ratio of the size of the small-
est possible region with the changed short order to the cor-
relation length of the medium-range order in a disordered
medium.

The reversibility of the LDA-HDA transition observed in
amorphous materials hinders the measurement on quenched
samples: This transition must be investigated in situ at high
pressures and temperatures. In view of the fact that transi-
tions between LDA and HDA phases in zeolites in situ have
not been observed yet, we have also investigated the dynam-
ics of zeolite amorphization with an increase in pressure us-
ing the Raman spectroscopy. We investigate the dynamics of
amorphization in two zeolites of different densities—
natrolite Na2Al2Si3O10·2H2O and leucite KAlSi2O6. Zeolites
are crystalline microporous materials with a structure formed
by the corner sharing of SiO4 or AlO4 tetrahedra. Each tet-
rahedron is linked to the other four to form the framework
materials which may have a different topology. Zeolites are
characterized by having cages or channels, where alkaline or
earth-alkaline cations and small molecules �generally water�
are located. It is known that under compression, there is a
driving force for amorphization if an important densification
is possible, i.e., when the starting mineral has a low density,
usually associated with the network-forming cations such as
Si and Al in tetrahedral coordination.10 Based on the above
said, zeolites as crystalline microporous materials are suit-
able for our experiments, because with amorphization under
pressure they can become a 60% more-dense material.11

Natrolite containing water in the cavities is a less rigid
zeolite than leucite. In addition to water, there are Na cations
of a small radius in the natrolite cavities. Leucite is, in fact,
water-free and characterized by its high density. As com-
pared to the other minerals, it is closer to quartz than to
zeolites �it is widely used as a material for dental applica-
tions�. Due to its high density, leucite will hardly become
amorphous than natrolite. The Raman scattering spectra are
recorded by Dilor OMARS 89 spectrometer with a charge-
coupled-device LN/CCD-1100 PB �Princeton Instruments�.
The 0.1�0.05�0.15 mm3 samples were compressed into a
diamond anvil cell under hydrostatic conditions using a
methanol-ethanol medium of 4:1 weight ratio. The pressure
is determined from shifting a luminescence ruby line R1 with

an accuracy of ±0.03 GPa. The Raman scattering is more

© 2006 American Institute of Physics3-1
AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.2357567
http://dx.doi.org/10.1063/1.2357567
http://dx.doi.org/10.1063/1.2357567


134103-2 N. Ovsyuk and S. Goryainov Appl. Phys. Lett. 89, 134103 �2006�
sensitive than the x-ray diffraction to remaining traces of
crystallinity; therefore values of the zeolite stability range
obtained in Refs. 2 and 3 with the use of the x-ray diffraction
can appear underestimated as compared to the values ob-
tained using the Raman scattering.

Meneau and co-workers2,3 found that if the rate of com-
pression is properly chosen to make the dynamics of zeolite
amorphization much faster than that of a conventional glass
of the same composition, i.e., �A��, then a LDA glass will
be obtained, which may have physical properties different
from any obtainable by the usual routes, even by the slowest
cooling from the melt. Figure 1 demonstrates the Raman
spectra recorded with a fast pressure increase ��A��� for
natrolite and a slow ��A��� for leucite. We used a stepwise
increase in pressure with a step of �1 GPa at 10 min inter-
vals, which was equivalent to �1.7�10−3 GPa s−1. For sim-
plicity, we did not show intermediate spectra in Fig. 1. The
most intensive Raman band of a natrolite spectrum at
443 cm−1 is referred to as a collapse mode of the eightfold
aluminosilicate rings. The second in intensity band at
534 cm−1 is referred to as a breathing mode of the fourfold
aluminosilicate rings. The spectrum doublet form converts to
the quadruplet one at 3.7 GPa during the phase transition.
The complete amorphization occurs at 7.2 GPa, when a weak
broad glass similar to a hump appears. According to Refs. 2
and 3, the rate of pressure change of �1.7�10−3 GPa s−1

can be considered as sufficiently fast to meet the condition
�A��. Therefore, a conventional disordered high-density
HDA glass must be obtained at 7.2 GPa as a result of natro-
lite amorphization. At further increase in pressure up to
9.6 GPa, the natrolite spectra did not change, because the
HDA structure has already been completely disordered.

As for a leucite spectrum, it contains a doublet of strong
bands that correspond to the breathing modes of the fourfold
aluminosilicate rings. The spectrum form is changed to a
triplet at 2.3 GPa during the phase transition. All the three
bands shift to the right with an increased pressure, but no
evidence of features of amorphization is seen even at
13.6 GPa—the bands do not widen and their intensity is
nearly unaffected. The leucite elevated tolerance for amor-

FIG. 1. Raman spectra recorded for natrolite with a fast pressure increase
��A��� to obtain the HDA phase �at 7.2 GPa� and a slow ��A��� for leucite
to obtain the LDA phase �at 13.6 GPa�.
phization at high pressures is associated with the rigid type
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of a skeleton, water deficiency, and a special arrangement of
potassium. Large cations of potassium in W positions in the
middle of the sixfold aluminosilicate rings support a skel-
eton, thus essentially increasing the structure stability.
Hence, it takes more time for leucite to come to equilibrium
at such a pressure. We decided to use the slow kinetics of this
phase transition, because a LDA glass was to be obtained
during the slow amorphization, when �A��. That was the
reason we stopped to increase the pressure and started to
observe the spectrum changes keeping a leucite sample at the
constant pressure of 13.6 GPa. In two weeks, in the Raman
spectrum we obtained a weak broad glasslike hump when the
intensity of the crystalline Raman bands has 20 times de-
creased. At further keeping the sample at 13.6 GPa, the spec-
trum is not changed, which is to say that a minimum of free
energy was attained, which we attribute to the occurrence of
the LDA phase. The energy HA of the leucite transformation
into the LDA amorphous phase can be found from the Ar-
rhenian dependence �A=�0 exp�HA /kBT�, where �A is the
time of leucite amorphization, kB is the Boltzmann constant,
T is the temperature, and the factor �0 is equal to 10−12 s. In
our case, HA=kBT ln��A /�0�, �=1296�103 s �15 days�, and
HA=1.08 eV, the latter value being significantly smaller than
it is required for breaking bonds and is probably due to the
cation diffusion. If we have used the pressure more than
13.6 GPa then for overcoming the energy barrier between the
two metastable phases we would need the time less than two
weeks. But, on the contrary, we wanted to reach the slowest
amorphization. At further increase in pressure up to
18.3 GPa, as expected there are observed changes in the leu-
cite amorphous spectra corresponding to the LDA-HDA
phase transition, because the LDA structure is rearranged
under compression to a denser HDA phase.

The LDA-HDA phase transition in zeolites with the use
of the Raman scattering has not been detected yet. To iden-
tify the above-discussed changes, we have compared our
spectra to those of amorphous silicon,12 where the LDA-

FIG. 2. Comparison of amorphous leucite and silicon Raman spectra �Ref.
12� at the LDA-HDA phase transitions. The dashed lines show the motion of
maxima of tetrahedral bands with an increase in silicon coordination.
HDA phase transition is observed as the pressure increases.
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This comparison seems to be reasonable because both silicon
and zeolite have the following common characteristics: �1�
locally tetrahedral coordination, �2� denser liquid than its
crystalline form, and �3� decrease of the melting temperature
with increasing pressure. These characteristics essentially re-
sult from the directional bonding that forms an open struc-
ture �tetrahedral configuration� at ambient pressure. It has
been considered that an open atomic configuration could be
the key factor of polyamorphic transformations.13 Figure 2
demonstrates the comparison of the above-discussed spectra.
Amorphous silicon Raman spectrum at 11.2 GPa includes
two bands: the tetrahedral Si–Si stretching vibration features
at 500 cm−1 and a weaker angle-bending mode at
�300 cm−1. These features reflect a broadened version of the
vibrational density of states of the crystalline silicon. The
Si–Si stretching band became slightly weaker due to tetrahe-
dral distortions as pressure goes higher up to 14.2 GPa; how-
ever, the spectrum remains to be a LDA polymorph. Between
14.2 and 15.7 GPa, the optical properties of silicon drasti-
cally change. Its reflection strongly increases, which is prob-
ably due to occurrence of its metallization. In this case, a
single broad feature with a maximum near �400 cm−1 re-
mains in the Raman spectrum. This is similar to the envelope
of bands in the vibrational density of states calculated for
crystalline silicon with the �-Sn structure at high pressure,
and presumably other high-density polymorphs. Thus,
McMillan et al.12 ascribed the appearance of this broad fea-
ture to a higher coordinated silicon species with a denser
HDA phase.

The Raman spectrum of the amorphous leucite at
13.6 GPa includes two bands: the tetrahedral �O-T-O� �T
=Si, Al� bending vibration features at 600 cm−1 and a weaker
librational mode of TO4 tetrahedra below 400 cm−1. Since
silicon in leucite is twice as much as in aluminum, we con-
sider silicon tetrahedra to make the dominating contribution
to the Raman spectrum. Small spikes at 600 cm−1 can be
related both to the residual crystallites or four-term tetrahe-
dra rings embedded into an amorphous matrix.14 Figure 2
demonstrates that the amorphous leucite spectra vary with
pressure in much the same way as the silicon spectra, that is
to say that the LDA-HDA phase transition also occurs in
leucite between 17 and 18.3 GPa. In this case, maxima of
tetrahedral amorphous bands are shifted toward the lower
frequencies �Fig. 2—the dashed lines� both in leucite and in
silicon spectra. This is a result of weakening the bonds with

FIG. 3. Pressure dependence frequencies of maxima of tetrahedral bands in
leucite �triangles� and in silicon �squares� Raman spectra taken from Fig. 2
at the LDA-HDA phase transitions.
an increase in silicon coordination. �As it was mentioned
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above, silicon in leucite is twice as much as aluminum,
thereby we consider a silicon coordination rise to make the
dominating contribution to the Raman spectrum in compari-
son with the contribution of an aluminum coordination rise.�
This transition in leucite is found to be reversible as well as
the LDA-HDA transition in silicon during decompression.
No coordination change was observed in Refs. 2 and 3,
which is probably a result of amorphization at �4 GPa, and
in our experiment, the LDA-HDA transition takes place at
higher pressures �18 GPa. Earlier, we have discovered that
the tetrahedra distortion which occurs at an increase in sili-
con coordination, becomes appreciable at pressures being
greater than 15 GPa.15

Figure 3 demonstrates that the LDA-HDA phase transi-
tions in silicon and leucite are transitions of the apparently
first order which occur at pressures of 15.0±0.7 and
17.7±0.6 GPa, respectively.

To conclude, it may be said that the apparently first-
order LDA-HDA phase transition, which occurs with a sili-
con coordination rise, is discovered in amorphous zeolite at
high pressures with the use of in situ Raman scattering. The
behavior of this transition cannot be predicted easily with
molecular dynamics simulations �due to the long relaxation
times�. The connection between LDA and HDA phases de-
pends on a possible existence of a route between them in the
phase space. If there is no route or is only a “narrow” route
like first-order transition, we may conclude they are not re-
lated to each other. The point is that no one can easily dis-
cover such routes by experiments or theoretical calculations.
Therefore, the physics of the amorphous-amorphous phase
transitions induced by pressure is still far from a clear knowl-
edge, and the additional experimental result is an important
contribution to the development of this physics.

The authors thank V. V. Brazhkin for fruitful and helpful
discussions. This work was supported by the Russian Foun-
dation for Basic Research �Grant Nos. 04-05-64550 and
05-05-64657�.

1O. Mishima and H. E. Stanley, Nature �London� 396, 329 �1998�.
2G. N. Greaves, F. Meneau, A. Sapelkin, L. M. Colyer, I. Ap Gwynn, S.
Wade, and G. Sankar, Nat. Mater. 2, 622 �2003�.

3G. N. Greaves and F. Meneau, J. Phys.: Condens. Matter 16, S3459
�2004�.

4O. Mishima, L. D. Calvert, and E. Whalley, Nature �London� 314, 76
�1985�.

5A. G. Lyapin, V. V. Brazhkin, E. L. Gromnitskaya, V. V. Mukhamadiarov,
O. V. Stal’gorova, and O. B. Tsiok, in New Kinds of Phase Transitions:
Transformations in Disodered Substances, NATO Science Series 2: Math-
ematics, Physics and Chemistry Vol. 81, edited by V. V. Brazhkin, S. V.
Buldyrev, V. N. Ryzhov, and H. E. Stanley �Kluwer, Dordrecht, 2002�,
p. 449.

6M. Durandurdu and D. A. Drabold, Phys. Rev. B 64, 014101 �2001�.
7Q. Williams and R. Jeanloz, Science 239, 902 �1988�.
8O. B. Tsiok, V. V. Brazhkin, A. G. Lyapin, and L. G. Khvostantsev, Phys.
Rev. Lett. 80, 999 �1998�.

9V. V. Brazhkin and A. G. Lyapin, JETP Lett. 78, 542 �2003�.
10P. Richet and P. Gillet, Eur. J. Mineral. 9, 907 �1997�.
11G. N. Greaves, F. Meneau, and G. Sankar, Nucl. Instrum. Methods Phys.

Res. B 199, 98 �2003�.
12P. F. McMillan, M. Wilson, D. Daisenberger, and D. Machon, Nat. Mater.

4, 680 �2005�.
13P. H. Poole, T. Grande, C. A. Angell, and P. F. McMillan, Science 275,

322 �1997�.
14A. Pasquarello and R. Car, Phys. Rev. Lett. 80, 5145 �1998�.
15
N. N. Ovsyuk and S. V. Goryainov, Phys. Rev. B 60, 14481 �1999�.

AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


