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Two-mode behaviour, in which atomic groups that occupy symmetry-equivalent positions within the 
structures of solid solutions show distinct vibrational behaviour, can have significant influence on the 
thermodynamic properties of solids. We have studied the transformation behaviour of compounds in the 
solid solution Pb3 (P1-xAsxO4)2 by a combination of high-temperature single-crystal diffraction at DESY and 
in-situ  low- and high-temperature Raman spectroscopy because the effects of 2-mode behaviour are 
particularly pronounced in these materials.  
 
The structure of these compounds consists of composite layers of PO4 and AsO4 tetrahedra whose oxygen 
atoms provide octahedral coordination for Pb1 sites within the layers. These Pb1 sites have site symmetry 
3m in the trigonal aristotype phase with 3  symmetry. The composite layers of Pb1 and tetrahedra 
alternate with double layers of Pb2 sites, each of which has site symmetry 3m in the high-temperature 3  
phase. On cooling the materials undergo a ferro-elastic phase transition to a phase with C2/c symmetry in 
which the both Pb atoms are displaced within their layers, and the tetrahedra are rotated and tilted. The 
transition is complicated by the presence of short-range order of the Pb displacements above the ferro-elastic 
phase transition to generate a structure in which the local structural symmetry remains monoclinic, within a 
globally trigonal lattice. In pure Pb3(PO4)2 the Pb displacements have a dynamic character in this 
intermediate temperature range, but are at least partially static in intermediate compositions Pb3(P1-xAsxO4)2. 
 

High-temperature single-crystal X-ray diffraction measurements were performed on samples of 
compositions Pb3(P1-xAsxO4)2  with x = 0.37, 0.57, 0.65 and 0.80 at the DESY/HASYLAB F1 beam line with 
a monochromatic beam of λ = 0.5000 Å. Crystal plates, formed by the dominant (001)Trigonal = (100)Monoclinic 
cleavage, less than 25 um thick and less than 100 um across were  held in silica glass capillaries with glass 
wool. High temperatures were generated with a hot air blower. Data were collected in temperature steps of 
typically 25 or 50K from room temperature up to ~750K with a MarCCD 165 detector at a distance of 100 
mm from the sample. The data were collected with the crystal being continuously rotated on the phi axis for 
a total of 185o with individual frames being recorded over 1o intervals with 30 seconds exposure time per 
frame. While this exposure time resulted in over-saturation of many of the Bragg peaks in the 3  phase, it 
ensured that the weaker and more diffuse super-lattice reflections could be readily observed when they are 
present. Data were processed with the Crysalis Pro™ (Oxford Diffraction) software to provide unit-cell 
parameters and undistorted sections through reciprocal space. Line profiles on these reciprocal lattice 
sections were used to follow the evolution of the intensities and shapes of the super-lattice peaks. 
 
At room temperature the samples with x = 0.37, 0.65 and 0.80 are monoclinic. While each of the super-
lattice peaks indexed with k + l = 2n +1 on the monoclinic unit cell contain only contributions from a single 
domain, the main Bragg peaks inherited from the 3  trigonal phase (which thus have k + l = 2n on the 
monoclinic unit cell) have contributions from two or all three domain orientations and are  clearly split as a 
result of the large spontaneous strain arising from the ferroelastic phase transition. The temperature of the 
ferro-elastic phase transition in these three compounds, marked by the transformation to trigonal symmetry 
and a large reduction in the intensity of the k + l = 2n +1 monoclinic peaks, was bracketed. The Tc of the  x 
= 0.57 sample is below room temperature. Above the ferroelastic phase transition all four samples show 
persistence of diffuse reflections at the super-lattice positions, that are forbidden in the trigonal phase with 3  symmetry (Figure 1). These reflections arise from local clusters of Pb2 atoms displaced in the same 
pattern as found in the monoclinic phase, and they decrease in intensity with increasing temperature. These 
Pb2 displacements are responsible for the persistence of non-symmetry-breaking strains above the 
ferroelastic phase transition, which are seen as a deviation in the unit-cell parameters from their trends at 



higher temperatures (Figure 2). Our measurements show that both the super-lattice intensities and the non-
symmetry-breaking strains disappear at the same characteristic temperature that we have denoted as T3 
(Figures 2 and 3). Raman spectroscopic measurements on the same samples confirm that for intermediate 
compositions T3 corresponds to the temperature at which, on heating, the local symmetry of the environment 
of the Pb2 atoms becomes truly trigonal. At an intermediate temperature, T2 that we have established as 
being quite distinct from Tc or T3 (Figure 3), the Raman spectra show splitting of the bending modes of the 
AsO4 tetrahedra, indicating internal distortions. This is in contrast to the bending modes of the PO4 
tetrahedra, which only become split at Tc. This two-mode behaviour of the anionic component of the 
structure arises from the distinct internal force constants of the two types of tetrahedra. In order to provide a 
proper coordination environment for the displaced Pb2 atoms in the temperature interval from Tc to T2 the 
weaker AsO4 undergo distortions, whereas the internally stronger PO4 tetrahedra undergo rigid rotations 
without distortion. Distortion of the PO4 tetrahedra only occurs at Tc, when the structure becomes globally 

monoclinic.  

Fig 1. Reciprocal-space-layer section  hk 1/2 reconstructed in 3  from synchrotron single-crystal X-ray diffraction data of 
the x = 0.52 sample at room temperature, some 40K above the 
ferro-elastic phase transition at 260K. The diffuse super-lattice 
spots occur in triplets displaced by the three vectors indicated 
from positions hk ½ with integer h,k. Each member of a triplet 
arises from one of three possible orientations of the monoclinic 
domains. Trigonal and monoclinic indexing is given for one 
example triplet on the right-hand side. 

 

Fig 2. (above, left) The variation of the unit-cell parameters of the As37 sample with temperature (symbols) with linear 
fits to the data above T3. Between T3 and Tc the difference between the values of cell parameters extrapolated from 
above Tc and the measured cell parameters is the non-symmetry-breaking spontaneous strain. A similar behaviour is 
seen in the other compositions. 

Fig 3. (above, right) The characteristic temperatures determined for the members of the Pb3(P1-xAsxO4)2 solid solution 
by a combination of Raman spectroscopy and X-ray diffraction. Lines are drawn purely as guides to the eye. Error bars 
for T1 represent the range over which changes are observed in the Raman spectra. Solid symbols for Tc are from 
determinations of the unit-cell parameters and open symbols are from birefringence measurements. Error bars for T3 
represent the temperature range within which the superlattice reflections disappear upon heating, and the filled triangles 
the temperature at which the excess spontaneous strain in the trigonal phase becomes zero. 
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