
[soft phonon modes]  1 

[soft phonon modes]  Phonon soft modes and central peaks in displacive phase 
transitions   {§10.6.3 :366} 
 

 

A discussion of phonons will be incomplete 
without mentioning their roles in phase 
transitions. However, the subject is so rich and 
complex that the information by itself can fill a 
book easily. Here, we shall merely scratch the 
surface of the manifestation of soft modes and 
central peaks in displacive phase transitions. A 
phase transition is deemed displacive if it 
involves small atomic displacements to 
transform the structure from one phase to the 
other. Figure 1 shows the sublattice 
displacements of the A, B and O atoms causing 
a cubic-to-tetragonal transition in the ABO3 
compounds. PbTiO3, BaTiO3, and KNbO3 are 
ferroelectric in the low-temperature phase with 
finite Curie temperatures  TC  at which a 
displacive structural transformation occurs 
whereas KTaO3 is an incipient ferroelectric 
(  TC ! 0 K). According to the Lyddane-Sachs-
Teller relationship: 

Figure 1. Displacements of the A, B and O 
sublattices that result in a cubic-to-tetragonal 
structural transformation in the ABO3 
compounds. The arrows denote the direction and 
relative amplitudes of the atomic shifts. The 
actual size of the displacements are of the order 
of a few percent of the cubic cell edge. 
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where 
   
! 0( )  and 

 
!( )  are the static and high-frequency (

   
!! ! phonon ) dielectric constants, 

respectively, the occurrence of a ferroelectric phase is associated with the divergence of 
   
! 0( ) , 

hence a logical conjecture of a vanishing TO phonon frequency (or multiple frequencies) at 

    
!
q = 0 . Since the imaginary part of the generalized susceptibility function, 

     
Im!

!
q,"( ) , is 

related to the dielectric function, phase transitions are often analyzed in terms of the pole(s), 

  
!!( ) , in the susceptibility function and the order parameter    !!

2  at a certain   
!
q . Setting aside 

considerations of the Landau theory of phase transitions and the anharmonic perturbation 
treatment of the lattice dynamics, the phonon problem can be approximated by a damped 
harmonic oscillator 
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where   
h t( )  is an impulsive applied force and the last term is a frictional component. The 

dissipative part is given by  
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The soft mode is characterized by an 
implicitly temperature-dependent frequency 

      
!!
!
q,T( )  and a width 

     
!
!
q,!( ) . The soft-

mode behavior is shown schematically in 
Figure 2 which was originally given by G. 
Shirane in a review paper on neutron studies 
of structural phase transitions at 
Brookhaven National Laboratory. In 
general, as the temperature approaches  TC  
from above, the soft-mode frequency first 
decreases linearly and then saturates toward 
a small but finite value at  TC

. As   T ! TC , a 
center peak appears, which is represented 
by 
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where 
      
!0

2 !q,T( )  is the un-normalized 
frequency different from the normalized 

      
!!

2 !q,T( )  by an amount    ! !2 . The central  

Figure 2. Examples of typical  soft-mode behavior. The 
arrow indicates schematically the direction and 
wavevector position of softening of the phonon branch. 
(Reproduction from Shirane 1974) 
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peak is very sharp near  TC , i.e.,    !" ! !#  and 

    !" ! !
2 " . It is thought to arise from coupling the 

soft mode to some slowly relaxing variable of 
unspecified origin. In general, a separable expression 
of the soft mode and central peak by (8) and (9) is 
possible only at temperatures near  TC . The 
generalized susceptibility and experimental scattering 
function are connected by (see (3.163)); 
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Figure 3 shows the temperature dependence of   !2 , 

   !!
2 , and   !0

2  for SrTiO3 determined by Shapiro and 
co-workers. The soft-mode phenomenon needs not be 
confined to the zone-center or zone-boundary region. 
There are displacive structural transformations, 
especially those associated with distorted phases that 
are incommensurate to the parent structure, which 
display soft modes at special   

!
q  points in the BZ and 

excitations due to phase (hence termed phasons) and 
amplitude fluctuations.  

Figure 3. The temperature dependence of   !2 , 

   !!
2 , and   !0

2  for SrTiO3 measured by neutron 
scattering. (Reproduction from Shapiro et al. 
1972) 

 

Inelastic neutron scattering investigations of structural phase transformations are difficult 
experimentally. Triple-axis spectroscopy is the method of choice because of the flexible setup 
of a desirable resolution function with respect to the scattering surface of the phonons. Firstly, 
the search for the phonon branch that softens near  TC  is a time-consuming process. Secondly, 
soft modes are often heavily damped so the intensities are weak and the profiles diffuse. In an 
extreme case of an overdamped harmonic oscillator, only a decay-like profile in the measured 
phonon group is visible. The central peaks, on the other hand, are much narrower than the 
instrumental resolution, thereby reducing the accuracy of the width measurements. Thirdly, in 
the interesting region where a soft mode crosses over another branch, the scattering cross-
section can be quite complicated. It often requires the measurements of the scattered intensity 
in absolute scale so as to afford a quantitative comparison with the theory. This requires 
supplemental measurement of the background level and careful corrections for instrumental 
effects. Fourthly, the experiment often requires quantitative determination of the order 
parameter and its critical exponent. Therefore, it is advisable to seek guidance from results of 
complementary techniques such as optical (e.g., Brillouin, IR, and Raman) spectroscopies, 
dynamic light scattering, ultrasonic attenuation measurements before embarking on an 
inelastic neutron scattering experiment. Finally, we should point out that despite extensive 
neutron-scattering studies, the majority of the investigations concentrated on the soft-mode 
and central-peak features which naturally involved low-energy phonon branches. The full 
phonon spectra of many materials that undergo displacive phase transitions have not been 
studied systematically by neutron scattering. 


