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Abstract

This paper describes studies of relaxor ferroelectric Na1/2Bi1/2TiO3 (NBT) by inelastic incoherent neutron scattering at

temperatures from 50 to 300 K. Experimental time-of-¯ight spectra were recalculated into the generalized vibrational density

of states (VDOS) function in terms of one-particle incoherent approximation and compared with the behavior of Raman spectra.

It is shown that the VDOS of NBT in the ferroelectric phase has nontrivial temperature dependence. The relation between the

temperature dependence of VDOS and the instability of the NBT crystalline lattice below room temperature is discussed.

q 2000 Published by Elsevier Science Ltd.
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1. Introduction

The majority of relaxor ferroelectrics (relaxors) known at

present belong to perovskite-like compounds with the

common formula AB 0xB 0012xO3 disordered with respect to

the B sublattice. Sodium bismuth titanate Na1/2Bi1/2TiO3

(NBT) is among the group of relaxor ferroelectrics with

the common formula A 0xA 0012xBO3 [1]. According to

X-ray and neutron structural studies, at room temperature

it has symmetry R3c [2±4]. The rhombohedral symmetry

results from the following sequence of phase transitions:

cubic phase ÿÿÿÿÿ!Tc1�820 K
tetragonal phase ÿÿÿÿÿ!Tc2�593 K

rhombo-

hedral phase. At Tc3 � 500 K a ferroelectric state arises in

an NBT crystal [5]. However, X-ray diffraction studies have

shown that deviations from an ideal cubic structure are

extremely small and depend on the sample quality [6]. In

many respects the behavior of the NBT crystal remains

pseudocubic at temperatures below Tc1 as well. Elastic

properties of NBT are well described in terms of cubic

symmetry [7], and there is a striking similarity between

acoustic anomalies in NBT and the model relaxor PbMg1/

3Nb2/3O3 (PMN) [8]. Considerable contributions to

determination of the sequence of phase transitions in NBT

were made by neutron scattering [3,9] and Raman light

scattering [10±12] studies of its lattice dynamics. Of great

importance for understanding behavior of relaxors were

similarities between the relaxor ferroelectrics PMN and

NBT [8]. Nevertheless, the lattice dynamics of both NBT

and PMN in the ferroelectric phase after onset of macro-

scopic polarization still remains unclear. The primary

subject of great controversy is the nature of the low-

temperature phase in these relaxors because the suggested

models, such as glass-like phase [13], nanodomain [14],

spherical random bond random ®eld [15] and some other

models, do not comprehensively describe the whole body

of experimental evidence. For this reason it appeared

reasonable to continue investigations of the NBT lattice

dynamics by inelastic neutron scattering and to compare

the obtained results with the data on the PMN vibrational

spectrum [16±18].

The goal of this work was to study the behavior of the

vibrational spectrum of NBT below room temperature by



inelastic incoherent neutron scattering and compare the

results with the Raman data.

2. Experimental

Inelastic neutron scattering (INS) experiments were

performed with the KDSOG-M inverse geometry spectro-

meter installed at the IBR-2 pulsed high-¯ux reactor of the

Joint Institute for Nuclear Research in Dubna. The INS

spectra were recorded in the same fashion for eight scattering

angles in the range from 30 to 1408 in the neutron energy

loss regime. This allowed the lattice dynamics of the

samples to be studied at low temperatures. The neutron

energy loss was measured by an analyzer consisting of a

polycrystalline beryllium ®lter cooled to liquid nitrogen

temperature and single crystals of pyrolytic graphite. The

sample was sodium bismuth titanate (Na1/2Bi1/2TiO3)

powder with a weight of 120 g.

Inelastic neutron scattering was measured at temperatures

from 50 to 295 K. Spectra were recorded at T � 50; 120,

and 295 K. The signal accumulation time varied from 10 to

26 h. The measured time-of-¯ight spectra were normalized

by intensity to a 10-h exposure, the background from the

cryostat and sample holder being subtracted. The obtained

data were recalculated to the generalized vibrational density

of states G(v ) in the incoherent one-particle approximation

as

G�v� � v

n�v�1 1

k0

k1

1

Q2

d2s

dV dE 0

!
incoh

�1�

where k0 and k1 are the neutron wave vectors prior and after

scattering from the sample, respectively, Q � k1 2 k0; E 0

the scattered neutron energy, ��d2s�=�dV dE 0�� incoh the

partial differential cross section for incoherent scattering,

and n(v ) is the Bose±Einstein factor. Multiple and many-

particle processes were ignored.

3. Results and discussion

3.1. Inelastic incoherent neutron scattering

Fig. 1 shows generalized vibrational density of states of

NBT (the low-energy region of the density of states is

demonstrated in the inset on a larger scale). Let us consider

the G�E� function from the point of view of speci®c features

of the NBT structure. It is known that the low-frequency

region of the vibrational density of state is sensitive to dis-

order. This fact is widely used in studies and comparative

analysis of systems with different types of disorder, such as

crystals, orientational glasses, canonical glasses, and amor-

phous polymers [19±21]. A number of authors have shown

that disorder exists in the NBT structure when regions with

local ordering of 1:1 Na1 and Bi31 cations with sizes of the

order of 2 nm are present [5,11,12]. In PMN such regions

with ordering of 1:2 Mg21 and Nb51 ions were identi®ed by

different methods [8]. Their presence manifested itself in the

vibrational spectrum as speci®c excitations with fracton

spectral dimension in the low-frequency region of the

density of state function [17,18]. Analysis of the low-

frequency region of the G�E� function of NBT has not

revealed excitations with fracton spectral dimensions that

could be compared with nanoregions, as was done for PMN.
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Fig. 1. Generalized density of states function VDOS of relaxor ferroelectric NBT at 290 and 120 K. The inset shows the low-frequency part of

VDOS on an enlarged scale.



It is easily seen from Fig. 1 that decreasing temperature

gives rise to changes in the G�E� function in the region of

transferred energies 4±55 meV. The vibrational density of

states (VDOS) of NBT increases as temperature is lowered

to 120 K. The changes in the 2±4 meV region are small and

do not exceed experimental error. Discussion of the high-

frequency region above 55 meV where the multiphonon

contribution increases is beyond the scope of this paper.

Note that according to expression (1) the trivial temperature

dependence is excluded from consideration, and the

observed evolution of the VDOS of NBT is not associated

with the Bose±Einstein population factor as temperature

varies from 295 to 120 K. A decrease in temperature from

120 to 50 K does not lead to a signi®cant variation in G�E�
(Fig. 2) in either the low-frequency or the high-frequency

energy region, within experimental error. This temperature

dependence of G�E� in NBT is anomalous and is not likely

to be associated with either the anharmonicity responsible

for VDOS evolution in fused glass B2O3 [22] or with the

contribution of structural relaxation observed in metallic

glasses [23,24]. Therefore, it is reasonable to invoke data

obtained by other techniques and to see whether they

correlate with the behavior of the relaxor ferroelectric

NBT phonon subsystem observed by inelastic neutron

scattering.

3.2. Light scattering and soft mode

Light scattering in NBT crystals was studied in Refs.

[10±12]. The hypothesis of Fm3m symmetry for the para-

phase, which allowed correct description of the scattering

spectra [11,12], was later con®rmed [6]. In this paper we

discuss the low-frequency region of the Raman spectra.

Single crystals of NBT grown by the Czochralski technique

were used for the experiments. Light scattering spectra were

excited by an argon ion laser with l � 514:5 nm: A cubic

sample with edges of about 5 mm was illuminated along

[001], and right-angle spectra were analyzed by a Cary-82

triple spectrophotometer.

The low-frequency mode is well seen in the Raman

spectra below room temperature (Fig. 3a). This mode

obviously softens when temperature increases. However, it

is impossible to follow the mode frequency at higher

temperatures, especially in the range of phase transitions.

The mode becomes a shoulder in the low-frequency part of

the spectrum and then merges with the growing Rayleigh

wing. Fig. 3b demonstrates our attempt to consider this

mode as a soft mode obeying a usual law �Dn�2 / �T0 2 T�:
The extrapolation of �Dn�2�T� to higher temperatures

yields T0 , 510 K; which is close to Tc3. It seems that

at the initial stage the phase transition is driven by the

lattice instability related to vibrational modes. In this

respect our data agree with the neutron scattering studies

by a triple-axis spectrometer where the soft mode at the

Brillouin boundary was also found far from the phase

transition range to the cubic phase [3]. When the phase

transition from the cubic to tetragonal state was approached

from above, this mode became overdamped, so the integral

scattering intensity had to be analyzed in order to reveal true

softening.

Comparison of the behavior of the soft mode and changes

in G�E� of relaxor ferroelectric NBT in the temperature
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Fig. 2. Generalized density of states function VDOS of relaxor ferroelectric NBT at 120 and 50 K. The error is shown by bars. The inset shows

the low-frequency part of VDOS on an enlarged scale.



range 290±120 K has revealed an obvious correlation

between them. Therefore it can be supposed that the

anomalous behavior of the density of states is due to the

instability of the NBT crystalline lattice. In inelastic light

scattering experiments this instability manifests itself as a

soft-mode behavior of the optical phonon and as ªsofteningº

of the hypersonic acoustic phonon, while in inelastic

neutron scattering it shows up as a nontrivial temperature

dependence of G�E�: Probably, all these features can be

regarded as the result of processes beginning in the high-

temperature region and completed in the vicinity of 100 K.

This supposition is supported by the absence of changes in

G�E� at temperatures from 120 to 50 K (Fig.2b). In our

opinion, a fairly sharp change in the behavior of the density

of states in the NBT crystal can be caused primarily by two

factors: a change in the pattern of the soft-mode behavior or

termination of the interaction competition effect of the order

parameters at the S line connecting the R and M points of

the Brillouin zone where high-temperature phase-transitions

are realized.

3.3. Similarity in the behavior of VDOS of relaxor

ferroelectrics PMN and NBT

The temperature dependence of G�E� of relaxor ferro-

electric NBT is similar in many respects to the behavior

of the density of states of another relaxor ferroelectric

PMN in the ferroelectric phase [16]. In both cases major

changes in G�E� occur in the ranges 5±10 and 18±

40 meV. In all cases an increase in the density of states in

the energy ranges indicated above occurs with decreasing

temperature. However, the temperature behavior of the

vibrational density of states of NBT exhibits an important

feature (maybe the feature of principal importance): as

temperature decreases from 120 to 50 K, G�E� no longer

changes, and the observed differences are within the

experimental error limits (see Fig. 2), while the density of

states of PMN varies in the whole temperature range studied

(30±290 K). A direct correlation between the behavior of

the generalized density of states function and phonon

subsystem are observed for both PMN and NBT.

In Ref. [16] the temperature dependence of G�E� in the

ferroelectric phase of PMN was attributed to the instability

of the crystalline lattice when a structural phase transition in

the vicinity of 200 K occurring in an external electric ®eld is

frustrated. Temperature changes in G�E� reveal the ªhiddenº

dynamics of the PMN crystalline lattice. The ªhiddenº

dynamics also clearly manifests itself (in the form of

anomalies in the temperature dependences near 200 K) in

the behavior of the relaxation mode found in the light

scattering spectra [25] and in damping of hypersonic acoustic

phonons [26,27]. In NBT, the crystalline lattice dynamics

clearly manifests itself in the entire temperature range

studied by softening of the low-frequency optical phonon.

Thus it can be supposed that the crystalline lattice dynamics

in the ferroelectric phase of relaxor ferroelectrics PMN and

NBT has anomalies giving rise to changes in the density of

states function.

The present study does not completely elucidate these

phenomena. Additional neutron scattering experiments

should be carried out and other techniques should also be

invoked.

Fig. 3. (a) The low-frequency part of Raman spectra with mode softening on heating. (b) The temperature dependence of (Dn)2 for this mode.



4. Conclusions

1. Analysis of the low-energy region of the generalized

density of states function of the relaxor ferroelectric

NBT has not revealed any excitations with the para-

meters characteristic of fractal objects.

2. A decrease in temperature has been found to lead to

changes in the generalized density of states. In our

opinion, this is the consequence of instability of the

crystalline lattice of NBT in the ferroelectric phase.

This instability manifests itself also in the soft-mode

behavior of the low-lying mode in Raman spectra of

NBT.

3. Comparison of the temperature variations of the general-

ized density of states of NBT and PMN has shown that

G�E� is no doubt sensitive to the ªhiddenº dynamics of

the crystalline lattice associated, among other things,

with a suppressed phase transition.
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