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Abstract
The A1-symmetry Raman spectra of berlinite in a broad temperature range,
encompassing the α–β phase transition, are reported. The temperature
dependence of the lattice mode parameters is presented, particularly concerning
the ‘soft’ mode at ∼220 cm−1, which exhibits a complex behaviour in the α

phase. This is accounted for by coupling with another A1 mode and two-phonon
background in the α phase. It is shown that the soft-mode parameters do not
show appreciable discontinuities at the transition. The fact that four Raman
active A1 modes instead of three are observed in the hexagonal β phase can be
understood by assuming a dynamical disorder of Al and P atoms over trigonal
α-phase sites.

1. Introduction

Aluminium phosphate AlPO4 is isomorphous to SiO2. Its stable form at normal temperature
and pressure is berlinite (quartzlike structure). On heating, it undergoes the same sequence
of transitions: α-quartz → β-quartz, α-tridymite → β-tridymite and α-cristobalite →
β-cristobalite [1]. All these polymorphic forms of AlPO4 consist in alternate succession
of (AlO4)5− and (PO4)3− tetrahedra. The displacive phase transition near 860 K from the low-
temperature α-quartz phase (space group P3121 or P3221) to the high-temperature β-quartz
phase (P6422 or P6122) was identified a long time ago [2]. In the early 1980s, it was shown
that from 857 to 860 K an incommensurate order appears in the system between the α and β

phase, in a slightly broader temperature interval than in quartz [3–5].
At room temperature and pressure, vibrational properties of AlPO4 have been investigated

by infrared [6–11], Raman scattering [6, 7, 12, 13] and inelastic neutron scattering [14], as well
as lattice-dynamical model calculations [7, 15, 16]. Pressure dependence and anharmonicity
of Raman phonons were studied at low temperatures [17]; high-pressure Raman spectra were
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also reported [18, 19] and studied by model simulations [20, 21]. Recently, the temperature
dependence of the crystal structure of AlPO4 was investigated by x-ray diffraction [22–24] and
by molecular dynamics simulation [25]. The available results seem to indicate that the α–β

transition in AlPO4 is analogous to that in SiO2.
However, apart from a short communication [26] from the 1970s, no detailed study of

the behaviour of optical phonons in AlPO4 over a broad temperature range has been reported.
Although the results reported in [26, 27] are taken as strong evidence in favour of a close
similarity between the soft-mode behaviour in AlPO4 and SiO2, the underlying experimental
data are too crude to provide convincing conclusions.

We have recently studied the temperature behaviour of AlPO4 by Brillouin scattering
and infrared reflectivity/emissivity spectroscopy [28–30]. In the present paper, we report
new results of detailed Raman scattering investigations in AlPO4 over the temperature range
of 300–1100 K, which encompasses the α–β transition. The emphasis is on the behaviour
of the fully symmetric A1 modes. No special attention is paid to the narrow interval of
incommensurate phase.

2. Crystal-structure data and experimental details

The structure of AlPO4 (berlinite) derives from that of SiO2 (quartz) by replacing the Si atoms
alternately by P and Al atoms, resulting in the doubling of the c-axis parameter. In the trigonal
α phase, berlinite corresponds to the space group P3121 (or the enantiomorphic P3221 variety)
with three AlPO4 formula units in the primitive hexagonal cell [31]. The room-temperature
values of the lattice parameters are a = b = 4.942 Å and c = 10.97 Å [32, 33]. Above 860 K,
the hexagonalβ modification is characterized by the space group P6422 (or P6222), with lattice
parameters a = b = 5.040 Å and c = 11.062 Å (at 923 K [24]). Using the conventional basis
setting of the hexagonal P6422 group for both phases, the correlation between the Wyckoff
positions of atoms is as follows (the fractional coordinates of representative atoms in the
hexagonal basis are given in parentheses):

α phase β phase

3Al: 3a(u1, 0, 0) ↔ 3c(1/2, 0, 0)

3P: 3b(u2, 0, 1/2) ↔ 3d(1/2, 0, 1/2)

12O: 6c1(x1, y1, z1) + 6c2(x2, y2, z2) ↔ 12k(x, y, z).

Geometrically, the structure can be viewed as a 3D network of alternating, very nearly
regular AlO4 and PO4 tetrahedra linked by common corners. The average tetrahedral P–O
bonds (∼1.51 Å) are significantly shorter than Al–O (∼1.72 Å) [24]. A comparative study [16]
shows that the PO4 tetrahedra are considerably more strongly bonded than AlO4 so that the
berlinite structure of AlPO4 should be regarded as a crystal of (PO4)3− anions linked by Al3+

cations, rather than an array of corner-sharing tetrahedra like in quartz SiO2.
In both α and β phases, the primitive cell contains three AlPO4 units, leading thus to

54 degrees of freedom. The 54 normal vibration modes of the Brillouin zone centre are
classified according to the irreducible representations of the corresponding point groups as
given in table 1, where the IR and Raman activity is also summarized.

For our measurements, suitably oriented slabs ∼1 mm thick were cut from AlPO4 single
crystals grown by the hydrothermal method [34–36] and their faces were polished to optical
quality. The samples were colourless, highly transparent and free of inclusions.
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Table 1. Correlation and activity of the �-point lattice vibration modes (ac.–acoustic, op.–optical)
in α and β phases of berlinite structure.

8

91 +

3
5

5

8

The Raman spectra were recorded with a Jobin–Yvon T64000 spectrometer operating
in triple subtractive mode (three 1800 grooves mm−1 gratings) and equipped with a liquid-
nitrogen cooled CCD detector. The spectral range covered extended from 15 to 1300 cm−1 and
the resolution was approximately 1.5 cm−1. The 514.5 nm line of an argon–krypton Coherent
Innova 70 Spectrum laser was mainly used for excitation, with an incident power of about
40 mW arriving on the sample. Alternatively, some spectra were also taken at the 488 nm
excitation. An Olympus confocal optical microscope was used to focus the laser into a ∼2 µm
sized spot on the sample. As checked by comparing the spectra taken at different laser powers,
no measurable local heating effects in the sample were observed at these power densities. To
minimize the influence of the surface effects, however, the laser focus was lowered to ∼40 µm
below the sample surface. All experiments were performed in backscattering geometry with
pure A1 spectra studied mainly in y(zz)ȳ configuration. (Porto’s notation [37] referring to
the standard setting of the Cartesian system for the 32x point group is used.) For comparison,
and to check for possible leakage of strong modes into forbidden geometries due to alignment
errors and/or to the finite collection angle of the microscope objective, other configurations
were also investigated: E(TO), E(LO) and A1 + E(TO) in z(yx)z̄, y(xz)ȳ and y(xx)ȳ spectra,
respectively. This also enabled us to get semi-quantitative information on the relative strengths
of the different components of the Raman tensor.

High-temperature Raman spectra were measured using a Linkam TS 1500 heating stage
under the microscope. A Pt thermocouple served as a temperature sensor, with an absolute
accuracy of ±1 K over the whole temperature range studied (300–1100 K). In the vicinity of the
α–β transition, the spectra were taken at steps as fine as 1 K. Since our Raman data did not show
any variations meaningfully reflecting the narrow range of the incommensurate phase, through-
out this paper we shall use only one quantity, labelled Ti , to indicate the α–β transition temper-
ature. The relative accuracy of its value, as determined from our spectra, is estimated to ±1 K.

The possible presence of a quasi-elastic scattering component was investigated using a
triple-pass plane Fabry–Perot interferometer (effective finesse 70; resolving power 760 000)
tuned to the maximum of the Rayleigh peak. The light source was the 514.5 nm line of a
single-frequency Ar-ion laser.

3. Results

3.1. Assignment

The overall view of the temperature evolution of the y(zz)ȳ Raman spectra of AlPO4 is given
in figure 1. The features assigned to A1 fundamental modes are labelled 1–8 in order of
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Figure 1. Temperature dependence of y(zz)ȳ Raman spectra of AlPO4 (spectra are uncorrected for
temperature factors). The eight A1 modes observed at room temperature are marked by numbered
thin curves. An additional soft feature is marked by x. The two-component structure of the 7 + 8
band at room temperature is shown in the inset.

increasing frequency. An additional low-frequency feature at ∼140 cm−1 (room-temperature
value) is marked by ‘x’.

Our room-temperature results agree well with those previously obtained [12, 13]: eight
A1 vibration modes—predicted by the group theory for the α phase—can be identified in the
spectra at temperatures below Ti ∼ 860 K. The spectrum is dominated by three strong bands
(labelled 2, 5 and 8) located at 221, 461 and 1112 cm−1. These modes correspond to the A1

zone-centre modes of quartz (α-SiO2). The remaining five weaker A1 modes (1, 3, 4, 6 and
7), located at 162, 336, 439, 728 and 1104 cm−1, respectively, derive from the zone-boundary
modes in the A point of the α-SiO2 Brillouin zone, due to the folding of phonon branches
along the c∗ direction.

Disregarding slight differences in the frequency values, our assignment of all the eight A1

modes is in full agreement with the most recent polarized Raman studies [13]. Comparison of
the room-temperature spectra at different polarization configurations unambiguously excludes
the earlier assignment [6, 7, 38] of the high-frequency A1 modes. In particular, the lower-
frequency component of the A1 doublet 7 + 8 in the zz spectra is clearly no leakage of a strong
E(LO) mode at nearly the same frequency. We note also that this 1104 cm−1 A1 component
has vanishing strength in the xx spectra. In contrast, the A1 mode 4 at 439 cm−1—undetected
in [6] and [12] because of masking by an E mode of a very close frequency—has negligible
strength in zz but large in xx , where it is comparable to the A1 mode 5 at 461 cm−1.

The ‘extra’ A1 feature at ∼140 cm−1, well known from earlier Raman studies, is barely
discernible at room temperature. With increasing temperature, however, its intensity markedly
grows while its frequency drops down, until it disappears in the Rayleigh wing on approaching
the phase transition.
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3.2. The fitting procedure

In the endeavour to obtain quantitative information from our spectra, we performed extensive
fitting of our data. While most of the peaks can be very well modelled with independent
damped harmonic oscillators, the two lowest A1 modes (1 and 2) show clear indication of
coupling, with a pronounced asymmetry and a deep anti-resonance minimum in between. The
coupling is obvious even in the room-temperature spectra. Up to about 500 K, the band shape
shows some additional structure in the form of weak shoulders, in particular on the upper of
the two coupled modes. Hence, to extract the peak parameters from the spectra throughout the
whole temperature range studied, we applied a multi-peak fit combining independent damped
(quasi-harmonic) oscillators with a coupled damped harmonic oscillator (CDHO) pair—with
coupling introduced between the modes 1 and 2. No satisfactory fit to the coupled line shape
could be made with two independent oscillators up to the phase transition temperature ∼860 K.
On the other hand, the independent oscillator fit was adequate at higher temperatures.

Rather than correcting the spectra for the temperature factor prior to fitting, we preferred
to include this factor in the fitting function, since this enabled us to use a similar background
function at all temperatures and, possibly, different thermal factors for different features. For
example, the weak parasitic plasma lines from the laser could be included in the fit as narrow
Gaussians serving as convenient frequency markers.

The first-order (Stokes) Raman response R(ω) for two coupled damped quasi-harmonic
modes was fitted using the following well known mode-coupling formula (see, e.g. [39, 40]):

R(ω) = − Im(f̃ · T (ω) · f) · (1 + n(ω, T )),

with

T −1(ω) =
(

ω2
1 − ω2 + iγ1ω �12

�12 ω2
2 − ω2 + iγ2ω

)
,

f =
(

f1

f2

)
and n(ω, T ) = (exp(h̄ω/kT ) − 1)−1.

The Raman mode-strength parameter f j = (∂χ/∂u j) corresponds to the susceptibility
derivative with respect to the j th bare normal mode u j of eigenfrequency ω j and damping γ j .
We note that for vanishing coupling (�12 → 0) the Raman response R(ω) goes over to the
usual sum of independent contributions

R(ω) ∼= (1 + n(ω, T ))
∑

j

| f j |2 γ jω

(ω2
j − ω2)2 + iωγ j

and the integrated Raman intensities of individual modes (without the thermal factor) are given
by Sj

∼= π | f j |2/2ω j as long as their damping is not too strong (γ j � ω j ).
Our choice was that of a real coupling parameter �12. To fix the sign ambiguity in

the parameter set—due to a mixed term ∼ f1 f2�12 in the explicit expression for R(ω)—
we constrained the fit by requiring f1 and f2 be non-negative. We checked that an equally
good fit to the data with imaginary coupling term iω�12 (corresponding to a different choice
of phase [38]) was always possible, yielding somewhat differently renormalized values of
the bare mode parameters. The main difference was the opposite behaviour of the coupling
parameters with increasing temperature: whereas �12 decreased, �12 increased.

As an example, we show in figure 2(a) the CDHO fit of the low-frequency part of the
A1(zz) Raman spectrum at room temperature: the ‘extra’ feature x and additional shoulders
c on the coupled mode line shape were fitted by Gaussians. For comparison, the two lowest
E(TO) modes observed in z(yx)z̄ configuration and fitted with independent oscillators are
shown in figure 2(b). An example of the fits to the low-frequency A1(zz) spectra at two high
temperatures, below and above Ti , is shown in figure 3.
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Figure 2. (a) A coupled oscillator fit to the low-frequency part of the y(zz)ȳ spectrum at T = 298 K:
open circles—experimental data, solid curve—fit, dotted curve—coupled curve shape, dashed
curves—additional components. Arrows mark the location of the decoupled frequencies ω1 and
ω2 corresponding to modes 1 and 2 and of the soft feature (x). Two components c represent fine
structure on the coupled line shape (* marks a laser plasma line). (b) Oscillator fit to z(yx)z̄ spectra
at T = 298 K, showing the two lowest E(TO) modes at 106 and 117 cm−1. The wavenumber scale
is twice expanded with respect to (a).

3.3. Temperature dependence of A1 Raman spectra

Figures 4(a)–(d) summarize the temperature dependence of the peak parameters (as obtained
from our fits to the spectra in the temperature range of 300–1150 K, comprising the α → β

phase transitions in the neighbourhood of 857–860 K.
The general behaviour is qualitatively similar to that observed in quartz [41, 42]. All A1

modes broaden with increasing temperature and show more or less conspicuous anomalies at
the phase transition. Modes 1, 3, 6 and 7 become progressively weaker and virtually disappear
on approaching Ti = 860 K. The remaining four modes, 2, 4, 5 and 8, clearly persist in the β

phase. Their oscillator parameters also show virtually continuous variation with temperature.
Close to the phase transition, the damping parameter of these four modes shows characteristic
behaviour, very similar to the ‘infrared damping divergences’ observed in quartz [43, 44]—see
figure 4(b).

The two highest-frequency peaks, 7 and 8, are components of a closely spaced doublet,
barely resolved at room temperature. With increasing temperature, they broaden and merge into
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Figure 3. Fit to the low-frequency part of the y(zz)ȳ spectra below (847 K) and above (877 K)
the α–β phase transition (Ti = 860 K): dotted curve—coupled curve shape, dashed curve—
independent peaks, dot-and-dashed curve—baseline. The increased intensity below 30 cm−1 in
the β phase (877 K) is modelled by a ‘central’ Gaussian component. Arrows mark the decoupled
frequencies ω1 and ω2 corresponding to modes 1 and 2, and of the soft feature x (second-order
Gaussian).

a single peak whose band shape, however, remains asymmetric up to the transition temperature.
The parameters of both individual components of the unresolved doublet below Ti are not
determined unambiguously and hence no special significance should be given to the details
of their temperature dependences below Ti , in particular to the strength (see figure 4(c)).
More significant is the total effective strength of the doublet (7 + 8), derived from the sum
of integrated intensities, which shows a reasonably smooth behaviour throughout the whole
temperature range. It is nonetheless clear from the fits that the lower mode (7) vanishes at
Ti and the total strength of the doublet is taken over by the upper mode (8), which slightly
hardens on heating (figure 4(a)).

A different behaviour is observed for the two close peaks 4 and 5 at 437 and 461 cm−1.
The lower mode is observed only as a very weak shoulder at low temperatures. On heating,
however, its strength markedly grows with temperature at the expense of the upper mode. It
shows also appreciable softening on approach to Ti , whereas the 461 cm−1 peak frequency
is practically unaffected. The sum of the integrated intensities of both peaks, hence also the
total effective strength of the pair, depends again very little on temperature. The 461 cm−1

peak shows slight but noticeable asymmetric broadening towards higher frequencies at all
temperatures.

The two low-frequency A1 modes 1 and 2 are strongly coupled all the way up to Ti . As
shown in figure 4(a), the decoupled (bare) frequency ω2 of the upper mode only very slightly
softens with increasing temperature—from 211 cm−1 down to about 200 cm−1 near Ti —while
its bare damping γ2 markedly increases. The lower peak shows quite a low bare damping,



4494 I Gregora et al

400

300

200

100

0

F
re

qu
en

cy
  ω

i (
cm

-1
)

12001000800600400200

T (K)

700

1100

1

2

3

4

5

6

7

8

x

40

20

0

12001000800600400200

T (K)

140

120

100

80

60

40

20

0

D
am

pi
ng

  γ
i  

(c
m

-1
)

40

20

0

1

2

3

4

5

6

7

8

20

15

10

5

0

O
sc

ill
at

or
 s

tr
en

gt
h 

 f i
  (

re
la

tiv
e 

un
its

) 

12001000800600400200

T (K)

5

0

1

2

3

4

5

6

7+8

7

8

8

6

4

2

0

C
ou

pl
in

g 
 ∆

1,
2 

(1
03  c

m
-2

)

12001000800600400200

T (K)

(a) (b)

(c)

(d)

Figure 4. Temperature dependence of the A1 oscillator parameters. Solid curves are guides to
the eye. The phase transition temperature, Ti = 860 K, is marked by a dashed vertical line.
(a) Frequencies (including that of the low-frequency soft feature x). (b) Damping parameters
(FWHM). (c) Mode strengths. The total effective strength of the 7 + 8 doublet below Ti is also
plotted. (d) Coupling parameter �12 between modes 1 and 2.
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γ1 < 5 cm−1, all the way up to Ti (figure 3(b)), and its bare frequency (decoupled value
ω1 ∼ 175 cm−1 at 300 K) is nearly temperature independent, closely corresponding to the
location of the anti-resonance dip in the Raman response of the coupled peaks. The coupling
parameter �12 (figure 4(d)) progressively decreases,until, close to Ti where the dip between the
two peaks virtually disappears, the CDHO fit becomes no longer justified, becoming equivalent
to a fit with single damped harmonic oscillator. The strength of the lower peak vanishes at Ti ,
whereas neither frequency nor strength of the upper peak shows any noticeable discontinuity at
the transition. Only its damping parameter rather abruptly increases on approaching Ti . Above
this temperature, the frequency of the upper mode slightly hardens and its band shape continues
to be well described by a broad but still underdamped oscillator—with a temperature factor of
the first-order mode. We note that with appreciable damping at higher temperatures the fitted
quasi-harmonic peak frequencies of broad peaks lie noticeably higher than the positions of the
apparent peak maxima. This is due to increasing enhancement of the low-frequency wing of
the Raman peak by the temperature factor—see figure 3(b).

The lowest-frequency feature x at 140 cm−1 seems to be completely decoupled from
modes 1 and 2 all the way up to Ti ; our attempts to use a CDHO model for all three lowest-
frequency modes did not bring any improvement. In order to obtain its parameters, however, it
could be satisfactorily fitted with a Gaussian profile—alternatively with first-order or second-
order (overtone) temperature factor. It broadens with increasing temperature and its frequency
progressively softens. This band could be reliably followed up to a few degrees below Ti ,
where its frequency dropped to below ∼50 cm−1 and the peak started to disappear in the
Rayleigh wing (figure 1). Its integrated intensity shows anomalous temperature behaviour,
irrespective of the type of temperature factor used.

Concerning the frequency region below 300 cm−1, our results disagree with the behaviour
reported by Scott [26, 27]. While our measurements confirm strong bilinear interaction
between the two lowest first-order A1 modes for all temperatures up to the transition, there is
only very slight softening of their bare frequencies ω1 and ω2. The standard mode-coupling
formulas describe quite accurately the coupled line shape observed by us. In particular, we
did not observe any small satellite (a ‘coupled two-phonon state’) emerging at ∼145 cm−1

at temperatures approaching the phase transition, as reported in [26]. Instead, in our A1(zz)
spectra we see an apparently uncoupled low-frequency feature growing in strength and strongly
softening all the way from room temperature (140 cm−1) up to Ti .

Our Raman spectra of figure 1 suggest an increase in the quasi-elastic scattering at
temperatures close to Ti and higher, as manifested by a rise of the Rayleigh wing. This could
be qualitatively simulated in the fits by central Gaussian component in the high-temperature
spectra—see figure 3. The existence of quasi-elastic scattering was independently confirmed
using a Brillouin set-up: in figure 5 we show the results of the temperature dependence of the
quasi-elastic scattering in AlPO4 measured in the y(zz)x configuration.

4. Discussion

4.1. Coupling and fine structure of the low-frequency A1 modes

As proposed in [26, 27], the origin of the coupling between the two lowest-frequency A1

modes should be understood as due to anharmonic (third-order) indirect interaction of these
modes via the two-phonon background. It was shown that a simple phenomenological Green-
function treatment of this interaction by Ruvalds and Zawadowski [45, 46] could qualitatively
reproduce the observed line shapes of the Raman response of the coupled modes. Generalizing
slightly the model of [46] to include the inherent higher damping of the 221 cm−1 mode (due to
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Figure 5. Temperature dependence of the quasi-elastic scattering in AlPO4 in the x(zz)y
configuration. The phase transition temperature, Ti = 860 K, is marked by a dashed vertical
line.

anharmonic interactions with other components of the two-phonon background) and tweaking
its parameters, we could indeed obtain a fit to our spectra essentially identical to the simple
CDHO quasi-harmonic mode coupling described above.

The decoupled mode parameters obtained from our CDHO fits describe those of a
rather broad and strong higher-frequency mode, only slightly softening with increasing
temperature, interacting with a narrow weaker mode, whose frequency is practically
temperature independent and whose strength gradually decreases. The damping of the higher
mode is approximately proportional to temperature up to about 50 K below Ti . It shows an
abrupt increase and anomaly near Ti but no appreciable variation above (figure 4(b)). The
damping and strength of the lower mode remain quite small up to Ti , where the mode becomes
unobservable. Our choice of real coupling parameter, which vanishes at the transition, seems
to be appropriate to the picture of two interacting modes, of which the lower one ceases to be
Raman active at Ti because of the symmetry change at the phase transition.

As shown by Zawadowski and Ruvalds [46], their treatment can also describe the resonance
enhancement of two-phonon states nearly degenerate with a single-phonon state, i.e. the Fermi-
resonance type of interaction. In this sense, the additional fine structure observed on the line
shape of the 221 cm−1 mode in our spectra at lower temperatures (cf figure 2(a)) can be
possibly attributed to hybridization effects due to close coincidence of its frequency with
that of singularities in the two-phonon density of states—namely two-phonon continua cut-
offs. While, for practical reasons, we included the fine structure in our CDHO fits by means
of additional independent peaks, we also verified that the model of [45, 46] is indeed able
to describe both effects simultaneously. It can be straightforwardly generalized to include
indirect coupling of an A1 mode to another one via the two-phonon continuum as well
as its hybridization with two-phonon states near a two-phonon cut-off frequency resulting
in additional structure. With a suitable choice of parameters, one can obtain a reasonable
description of the additional structure of the coupled line shape.

Among candidates for the requisite two-phonon cut-offs are, for instance, the branches
connected with the two lowest E-symmetry modes located at ∼106 and 117 cm−1 at room
temperature [12, 13]. As figure 2 shows, the frequencies of the fine-structure features indeed
closely agree with overtones of these E modes. Although the underlying two-phonon cut-offs
need not correspond to states at the Brillouin zone centre, the frequencies are not likely to be
very different in view of the flatness of these ‘E’ branches as reported in neutron scattering
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studies [14, 15]. It is also evident that the two-phonon states of E branches do have A1-
symmetry components to make the interaction with A1 modes allowed.

4.2. Soft low-frequency feature in the α-phase

The lowest 140 cm−1 feature x, whose origin is not clear, deserves special attention. A
somewhat similar ‘soft’ feature was reported in AlPO4 by Scott [26, 27], who observed a peak
emerging at 145 cm−1, albeit only at rather high temperatures approaching the phase transitions.
He assigned it to a coupled two-phonon state, resulting from interaction and assumed crossing
of a softening A1 mode (219 cm−1) with a ‘hard’ two-phonon (2TA) band. This picture is based
on an analogy with quartz, where the problem of explaining the additional soft low-frequency
mode in the A1 Raman spectra arose [47, 48].

Whereas, in our analysis, neither of the coupled A1 modes discussed above shows
appreciable softening of its bare frequency in the whole temperature range up to Ti , the lowest-
frequency feature as observed by us softens considerably, remaining apparently uncoupled
from the former two. Instead of ‘a coupled two-phonon state’ suggested in [26], we tentatively
propose to interpret this feature as a manifestation of an inherently soft two-phonon state
somewhere near the Brillouin zone boundary.

In α quartz, Boysen et al [49] did observe by inelastic neutron scattering a pronounced
softening and coupling of the two lowest acoustic branches along the �-M direction; however,
no analogous study in AlPO4 has been reported so far. Although there are twice as many
dispersion branches in AlPO4 as in SiO2 because of the doubled unit cell, the corresponding
phonons in AlPO4, especially for wavevectors perpendicular to the zone folding direction (c∗),
are expected to have similar frequencies—in general slightly lower than in SiO2 [14, 16]. The
available neutron data (see table 3 and figure 3 of [14]) give for the frequencies of the three
acoustic branches at the M point of AlPO4 the following values: ∼62, 65 and 72 cm−1.
These frequencies correspond quite well to half the frequency (at 300 K) of our ‘extra’
mode. The flatness of the dispersion curves in the close vicinity of the M point [14] also
suggests a high density of phonon states. Hence, we propose to ascribe the ‘extra’ Raman
band to a purely second-order scattering by pairs of phonons with opposite wavevectors q
originating from an inherently soft branch—probably acoustic—near the M point. The line
widths and line shapes of second-order scattering are largely affected by the underlying two-
phonon density of states (unlike the case of first-order scattering), because the participating
phonon pairs do not come from a single point in the q-space, but rather from a convolution of
states connected by the momentum conservation condition q1 + q2 ≈ 0. We believe that the
observed anomalous temperature behaviour in the scattering strength of the lowest observed
mode should be ascribed mainly to density-of-states effects of a softening phonon branch. The
possibly expected structure due to van Hove singularities in the density of states is sufficiently
smeared at not too low temperatures that a broad Gaussian multiplied by an appropriate second-
order thermal factor (1 + n(ω

2 , T ))2 for overtone processes may give a suitable approximate
description of the line shape.

In the absence of relevant data for AlPO4, it is instructive to compare the temperature
dependence of the frequency of our low-frequency soft mode x, as determined from our fits,
with the second harmonic of the lowest ‘acoustic’ soft phonon modes from the M-point, as
observed by Boysen et al in α-quartz (figure 2 in [49]). There is, indeed, a qualitative agreement
in the temperature behaviour.

According to [49], the softening of the lowest ‘acoustic’ branch in the M point of α-SiO2

results mainly from its coupling with the second lowest ‘acoustic’ branch. Let us note that
dispersion curves reported in [14] indicate that the AlPO4 analogue of this upper soft acoustic
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branch (taking into account additional anti-crossings and eigenvector exchanges) seems to be
connected with one of the two lowest doubly degenerate E(�)-modes (at 106 and 117 cm−1 at
300 K). Preliminary results of our Raman studies of the E modes (to be published elsewhere)
also indicate quite appreciable softening of the second lowest E mode on heating.

4.3. The β phase

In agreement with the group theory predictions (table 1), only three A1 modes are expected
in the β phase. The remaining five change their symmetry to Raman inactive species B1

(see table 1). Our results show that above Ti (at least over an interval of 200 K) there are
four distinct Raman peaks (figure 1). Our detailed analysis further shows that all four modes
behave like first-order phonon peaks over the whole investigated temperature range and that, on
heating, their frequencies and strengths do not show noticeable discontinuities at the transition
temperature.

By analogy to quartz [48], the lowest peak in β-AlPO4 was attributed to second-order
origin, resulting from an interaction and eigenvector exchange between the soft mode (the
second lowest A1 mode in the α phase) and a ‘hard’ two-phonon state from the zone
boundary [26, 27]. This picture of the lowest peak as a mixed excitation gradually changing
from the first-order soft mode at low temperatures to a second-order excitation at high
temperatures is not based on any line shape analysis of rather crude Raman data; it relies on the
assumption of hybridization due to interaction of a softening A1 phonon with an unspecified
temperature independent two-phonon state.

As in quartz, the structural change at the α–β transition corresponds to a rigid rotation and
shift of all the AlO4 and PO4 tetrahedra in radial directions (along twofold axes). In the β phase,
Al and P are fixed by symmetry in the Wyckoff positions (3c) and (3d), respectively, whereas
the O atoms occupy general (12k) positions in the hexagonal primitive cell. Hence, we are left
with three degrees of freedom, i.e. the (x, y, z) coordinates of oxygen atoms, giving rise just
to three possible totally symmetric A1 modes in this structure. The idea has been put forward
several times [49–54] that the high-temperature β-quartz might be hexagonal only on average:
i.e. not a static hexagonal structure, but due to dynamical microtwinning—coexistence of the
two possible trigonal α-phase domain states (Dauphiné twins) on a microscopic scale. These
two states, referred to as α1 and α2, are related by 180◦ rotation of the structure about the c
axis and differ thus by the sign of the order parameter (chosen e.g. as the angle of rotation of
the SiO4 tetrahedra from the ideal β structure).

Invoking such an idea for the case of AlPO4, we could imagine Al and P atoms shifted
from the ideal β-phase positions corresponding to high-symmetry 3c and 3d Wyckoff sites
and assume that they are dynamically disordered over the 6g and 6h sites of the hexagonal
group (P6422 or P6122), respectively. The 6g and 6h sites correspond to the 3a and 3b sites
of the trigonal group (P3121 or P3221). Without making any assumptions on the positions of
oxygen atoms, which may be possibly disordered over positions of general symmetry (12k) to
accommodate the shifts of Al and P by keeping the tetrahedra reasonably rigid, this idea
would supply the ‘missing’ degree of freedom, namely the displacement of Al and P in
the radial direction towards the trigonal sites. A symmetry analysis within the framework
of the hexagonal 622 (D6) factor group would yield in this case the following symmetry
decomposition for the 51 �-point optical modes in the ‘disordered’ β phase:

�op = 4A1 + 4A2 + 4B1 + 5B2 + 8E1 + 9E2.

Actually, the underlying assumption of this decomposition is that the disorder of Al and P over
the ‘trigonal’ 6g and 6h sites is not completely random, but dynamically correlated in such a
way as to maintain one of the two α-phase domain states on a local scale.
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Compared with the standard result, 3A1 + 4A2 + 5B1 + 5B2 + 9E1 + 8E2 (see table 1), the
most important difference is that in the ‘average’ β phase of AlPO4 we should indeed expect
to observe four Raman active A1 modes instead of three. Because of the lower site symmetry
and concomitant disorder in Al and P sites, one of the A1 modes is not transformed into B1

species, retaining its Raman activity. Another subtler spectroscopic consequence of this idea
follows from the exchange in the number of E1 and E2 optic modes in the β phase, since these
have different selection rules for Raman scattering (cf table 1). However, this effect might be
difficult to verify, in view of the vanishing strength of some of the E modes. We note that the
consequences are meaningful as long as the average dwell time of the atoms in the individual
trigonal positions is much longer than the corresponding inverse phonon frequency.

Support for our idea is given by a recent molecular dynamics simulation of the structural
changes in AlPO4 by Kihara and Matsui [25]. They find in the β phase a bimodal character of
the probability distribution function of atoms—with Al and P atoms spending most of the time
in the two equivalent ‘trigonal’ positions—and conclude that the structure change is rather of
order–disorder regime, with trigonal-phaseα1 and α2 clusters emerging below Ti and persisting
at T > Ti . The x-ray structure study of AlPO4 by Muraoka and Kihara [24] also shows that
the vibrational amplitude of oxygen along one of the axes of the thermal ellipsoid, namely the
direction joining the α1 and α2 positions, abruptly increases at the transition.

In this connection, let us recall the results of quasi-elastic scattering in AlPO4 (figure 5).
On approaching the transition, there is a steep rise in the scattering intensity with the onset at
∼800 K, where the quasi-elastic scattering intensity abruptly increases by about two orders of
magnitude; it passes through a maximum at Ti and remains rather high above Ti (at least up
to ∼1000 K, the highest investigated temperature). The 800–1000 K range in figure 5 can be
schematically decomposed into two components: a peak centred on Ti (corresponding to the
critical opalescence near a phase transition) superimposed on a broad rising edge, appearing in
the vicinity of 800 K and increasing upon heating. In our opinion, the onset of the edge below Ti

reflects the onset of local disorder in the α phase, and the high level of quasi-elastic scattering in
the investigated range of temperatures above Ti would originate from the dynamical disorder of
the β phase, as a consequence of the dynamical clustering or microtwinning suggested above.
We point also to the fact that the damping anomalies of all the four strong A1 modes set on at
about the same temperature as the edge—approximately 50 K below Ti —see figure 3(b).

Interestingly, the onset in quasi-elastic scattering towards the transition is preceded by a
well defined broad peak appearing at over 100 K below the transition. Lacking at present any
satisfactory explanation of this ‘pretransition’ phenomenon, we merely note that the position of
this peak correlates with a marked anomaly in the temperature dependence of the cation–anion
distances in the PO4 tetrahedra, as observed in [22, 23] (see also [16]). The Raman mode
frequencies do not exhibit any noticeable anomalies in this temperature range (see figure 4(a)).
One can then speculate about some smooth change taking place in the very long range order,
but deeper investigations (such as small-angle x-ray scattering) are needed to understand this
‘pretransition’ signature.

5. Conclusion

Concluding, we propose to identify the ‘extra’ A1 mode in the β phase with our first-
order ∼200 cm−1 Raman mode, explaining thus its Raman activity persisting in the whole
temperature range by the disordered nature of the β phase. Its virtually temperature
independent strength indicates that its eigenvector—which mainly determines the Raman mode
strength—is likely to depend on temperature only weakly. Since this A1 mode should represent
the ‘rigid’ tetrahedron mode in a double-well potential with minima at the equivalent ‘trigonal’
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α1 and α2 sites, its high damping in the ‘β’-phase is consistent with its ‘disordered’ origin.
Independent data from other methods are clearly desirable to support or dismiss this idea.
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