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ABSTRACT: Ultrafast polarization switching is being considered for the next generation of ferroelectric based devices. Re-
cently, the dynamics of the field-induced transitions associated with this switching have been difficult to explore, due to tech-
nological limitations. The advent of terahertz (THz) technology has now allowed for the study of these dynamic processes on 
the picosecond (ps) scale. In this paper, intense terahertz (THz) pulses were used as a high-frequency electric field to inves-
tigate ultrafast switching in the relaxor ferroelectric, Bi0.5Na0.5TiO3. Transient atomic-scale responses, which were evident as 
changes in reflectivity, were captured by THz probing. The high energy THz pulses induce an increase in reflectivity, associ-
ated with an ultrafast field-induced phase transition from a weakly polar phase (Cc) to a strongly polar phase (R3c) within 20 
ps at 200 K. This phase transition was confirmed using X-ray powder diffraction and by electrical measurements which 
showed a decrease in the frequency dispersion of relative permittivity at low frequencies. 

Ferroelectric materials, with switchable electric dipoles, 
are commonly used as data storage devices,1-3 piezoelectric 
actuators,3 dielectric energy storage,4 etc. The performance 
of these ferroelectric-based devices is dependent on the dy-
namics of the ferroelectric switching, which affects their 
functionality, for example the operating speed and working 
temperature.5 Previous studies of electric field-driven po-
larization dynamics reported that the switching time of the 
polarization of oxide films was in the sub-nanosecond time 
scale.6 However, these results were largely affected by the 
rise time of the electrical pulses generated by semiconduc-
tor photoconductive switches.6, 7 One possible way to rap-
idly manipulate and probe ferroelectric polarization is to 
use terahertz (THz) pulses. Femtosecond technology has 
enabled the generation of intense THz pulses with electric 
fields higher than 100 kV cm-1 and time resolutions of 
around 1 ps.8,9 Such ultrafast and intense THz pulses make 
it possible to reveal and manipulate the intrinsic lattice level 
response. A recent study on the archetypal ferroelectric Ba-
TiO3 (BTO) film,10 found that large-amplitude rotations of 
ferroelectric polarization occur on the 10 ps time scale. Sim-
ilar studies on thin films of BiFeO311 and SrTiO312, as well as 

single crystals of the organic ferroelectric tetrathiafulva-
lene-p-chloranil (TTF-CA),13 have shown that information 
on the polarization dynamics can be successfully captured 
upon intense THz electric field irradiation.  

Bismuth sodium titanate (Bi0.5Na0.5TiO3, BNT) is an im-
portant ferroelectric with a perovskite-based structure, 
which has attracted considerable attention in recent years. 
Functionally, BNT and its derivatives are promising lead-
free alternatives to commonly used lead zirconate titanate 
(PZT)-based piezoelectric ceramics.14 Physically, BNT is a 
relaxor ferroelectric and exhibits a sequence of phase tran-
sitions during cooling, i.e., from high-temperature cubic to 
tetragonal structures, and then to rhombohedral and/or 
monoclinic structures.15 However, the structure and phase 
transition behaviour of BNT under ambient conditions are 
still being debated in the literature.16-18 Although phase 
transitions in BNT upon application of a DC bias electric 
field have been extensively studied, the intrinsic atomic re-
sponse of BNT is still not resolved.19 In the present work, we 
utilise THz pump and THz probe techniques to explore the  



 

 

Figure 1. (a) Schematic diagram of THz pump and THz probe system, with detail at the sample position shown in (b) and a 
plot of electric field generated by a single THz pulse shown in (c). The red arrowed lines represent the THz pump beam and 
blue arrowed lines denote the THz probe beam. Both the pump and probe beams are optically-focused and overlapped by the 
parabolic mirror into a spot size of less than 2 mm diameter. 

 

dynamics of ferroelectric polarisation. The intense THz 
pump was used to manipulate polarization switching, while 
the THz probe beam was used to inspect the change in re-
flectivity.  

A schematic plot of the THz pump and reflection-based 
THz probe experimental system is shown in Figure 1a. The 
THz radiation was generated from a source on the FLARE 
laser at the FELIX Laboratory in the Netherlands, which was 
separated into a high-power pump beam and a low power 
probe beam, using a beam splitter. After travelling along dif-
ferent optical pathways with equal optical lengths, both 
beams overlap at the sample position. The time zero was 
taken as the point at which the pump and probe beams had 
equal optical length; the pump beam was then moved by a 
submicrometric motor-stage to create an optical path 
length difference, and this distance variation created the ps 
time scale for detection of the polarization dynamics. Figure 
1b schematically shows the overlapping of THz pump and 
probe beams on the sample, where the pump beam after ir-
radiating the sample is guided away from the testing system 
and the THz probe beam is directed to the bolometer detec-
tor. In this experiment, the THz pump wave was composed 
of 60 MHz micro-pulses (i.e. 16.66 ns between pulses), 
within a 10 s long train that was repeated at 5 Hz. The max-
imum electric field reaching the sample was about 155 kV 
cm-1, with a pulse length of about 10 ps, as shown in Figure 
1c. 

While continuously pumping a high intensity THz beam 
on the BNT sample, the THz field induced change in reflec-
tivity, ∆R/R, for three continuous THz pump scans was rec-
orded and is shown in Figure 2. Each scan lasted around 30 
min, during which the sample was continuously irradiated. 
At the end of each scan, the pump beam position was re-
turned to that at time zero. As BNT exhibits high dielectric 
loss at room temperature, the experiment was performed at 
200 K to minimize conductivity losses. Higher values of 
∆R/R are indicative of high dielectric permittivity in the ma-
terial at THz frequencies.20 There is a sharp increase in the 
relative reflectivity of BNT after 20 ps THz pump irradia-
tion. The higher reflectivity indicates an increase in permit-
tivity, consistent with a phase transition from a weak polar 

structure to a strong polar structure. The increasing reflec-
tivity of the sample with time indicates an increased frac-
tion of the strong polar phase. The continuous increase in 
reflectivity, suggests that the duration of the THz irradiation 
at 200 K (ca. 30 min per scan = 1.5 h) was insufficient to 
completely transform the sample.  

 

Figure 2. Time evolution of ∆R/R under three continuous 
1.36 THz (45 cm-1) pump-probe scans at 200 K.  

Figure 3 shows a comparison of the (110) perovskite 
peak in the room temperature XRD patterns of unpoled (U-
BNT), THz-pumped (T-BNT) and, DC-poled (DC-BNT) BNT 
samples. It is evident that a significant change occurs on THz 
pumping, which is further accentuated in the pattern after 
DC poling. The fitted diffraction profiles of U-BNT, T-BNT 
and DC-BNT samples are given in the supporting infor-
mation as Figure S1-S3. Crystal and refinement data are 
summarised in Table 1. The structure of the unpoled sample 
can be described in the monoclinic space group Cc;19, 21 the 
refined structural parameters for this phase in U-BNT are 
given in Table S1. On DC poling, a field induced transition to 
the rhombohedral phase in space group R3c occurs, con-
sistent with literature reports.18, 19 Rietveld analysis of the 
unpoled and poled data confirm 86 wt% conversion to the 
rhombohedral phase post DC poling. The field that occurs in 
the THz pumping experiment also results in a field induced 
transition, but is less extensive than in the DC poling exper-
iment, due to the short duration of pulses and lower tem-
perature (200 K) of the THz pumping experiment, with only 
45 wt% conversion. Similar changes in BNT after poling un-
der different electric field were reported by Badari et al..18 
Thus, BNT is irreversibly transformed from the monoclinic  



 

Table 1 Crystal and Refinement parameters for U-BNT, T-BNT and DC-BNT samples. Estimated standard deviations 
are given in parentheses. 

 U-BNT T-BNT DC-BNT 

Phase 1    

Crystal system Monoclinic Monoclinic Monoclinic 

Space group Cc Cc Cc 

Formula weight 211.88 g mol-1 211.88 g mol-1 211.88 g mol-1 

Unit cell dimensions a = 9.4949(9) Å 

b = 5.4790(4) Å 

c = 5.5153(5) Å 

 = 125.181(5) 

a = 9.506(1) Å 

b = 5.4819(3) Å 

c = 5.5145(6) Å 

 = 125.091(8) 

a = 9.548(1) Å 

b = 5.4731(8) Å 

c = 5.5137(8) Å 

 = 125.101(9) 

Volume 234.51(2) Å3 235.15(4) Å3 235.73(3) Å3 

Z 4 4 4 

Density (calculated) 6.001 g cm-3 5.985 g cm-3 5.970 g cm-3 

Wt Fraction 1 0.453(9) 0.131(5) 

 

Phase 2 

   

Crystal system  Trigonal Trigonal 

Space group  R3c R3c 

Formula weight  211.88 g mol-1 211.88 g mol-1 

Unit cell dimensions  a = 5.515(1) Å 

c = 13.531(4) Å 

a = 5.47962(8) Å 

c = 13.5641(2) Å 

Volume  356.4(2)Å3 352.71(1) Å3 

Z  6 6 

Density (calculated)  5.922 g cm-3 5.985 g cm-3 

Wt Fraction  0.547(14) 0.869(3) 

R-factorsa Rwp = 0.1038 

Rp = 0.0805 

Rex = 0.0778  

RF2 = 0.1896 

2 = 1.788 

Rwp = 0.0833 

Rp = 0.0661 

Rex = 0.0618  

RF2 = 0.2808 

2 = 1.537 

Rwp = 0.0928 

Rp = 0.0716 

Rex = 0.0618  

RF2 = 0.1586 

2 = 2.270 

No. of variablesb 38 43 30 

No of profile points used 6582 3140 6582 

No of reflections 366  496 494 
a For definition of R-factors see reference27 
b Additional spherical harmonics variables to account for preferred orientation in T-BNT sample. Atomic parameters were refined 
in the analysis of the single phase U-BNT sample but not in the multiphase samples. 

 
to the rhombohedral phase on application of an electric 
field, using either THz radiation or normal DC bias. In-
creased distortion of the monoclinic phase (evidenced by an 
increase in volume) is seen in the T-BNT and DC-BNT sam-
ples, with the distortion greatest in the latter. Similarly, dis-
tortion of the rhombohedral phase (evidenced by an in-
crease in the c/a ratio) is greatest in the DC-BNT sample. 

 

Figure 3. (110) perovskite reflection in XRD patterns of un-
poled (U-BNT), THz-pumped (T-BNT) and, DC-poled (DC-
BNT) BNT samples. 

Another difference between the three BNT samples was 
found in the degree of their dielectric dispersions at low fre-
quency (below 1 MHz). Figure 4 shows the dielectric per-
mittivity of the three BNT samples as a function of fre-
quency. As can be seen, the permittivity of the three samples 
decreases linearly with log frequency. The slope of the lin-
ear plot, α, which is calculated from the following relation-
ship: 

𝜀′ = 𝜀0
′ − 𝛼𝑙𝑜𝑔𝑓     (1) 

can be used to quantify the frequency dispersion.16, 22, 23 The 
slopes for the T-BNT and DC-BNT samples have nearly the 
same α-value, being a quarter that of the U-BNT sample (-
33.1). The strong dielectric relaxation in the unpoled BNT is 
due to the lack of long-range polarization in the monoclinic 
phase.16 It is worth noting that the high dielectric permittiv-
ity value of the unpoled BNT sample, in the low frequency 
range, is also related to a high density of ferroelectric do-
main walls, which are not active at THz frequencies.24, 25 The 
decreased dielectric relaxation in T-BNT and DC-BNT sam-
ples indicates that these samples exhibit greater long-range 



 

structural coherence, which is a consequence of field in-
duced transitions. As discussed above, the structure in un-
poled BNT exhibits Cc symmetry, which has a lower phase 
stability than the rhombohedral (R3c) phase under applied 
electric field. Upon intense THz pump illumination, the frac-
tion of the less stable Cc structure in BNT is reduced as the 
structure transforms to R3c symmetry. Recent experi-
mental results on THz probing show that a DC field induced 
transition in BNT-based ceramics is linked to an increase in 
dielectric permittivity at THz frequencies.26 This is con-
sistent with our observation of a THz radiation induced 
phase transition from weak to strong polar phases, leading 
to increased dielectric permittivity at THz frequencies (Fig-
ure 2). The overall change in ∆R/R seen in Figure 2 is rela-
tively small, consistent with only a partial transition from Cc 
to R3c structures. 

 

Figure 4. Frequency variation of relative permittivity in the 
studied BNT samples.  

In summary, the electric field driven phase transition in 
BNT ceramic was successfully captured by the high energy 
THz pump and probe measurement. The high energy THz 
pump induced an ultrafast phase transition from weak po-
lar (Cc) to strong polar (R3c) phases within 20 ps at 200 K. 
The work demonstrates that BNT could be applied for new 
devices based on ultrafast field induced transitions. The 
THz pump and probe methodology presented here opens an 
interesting new pathway to probe the dynamics of ultrafast 
phase transitions in ferroelectrics, which are related to 
changes in polarization. This is fundamental to the opera-
tion ferroelectric based devices and is key to the develop-
ment of next-generation piezoelectric, electrocaloric, elec-
tro-optic devices as well as non-volatile memories and sen-
sors. 
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Intense terahertz (THz) pulses, which act as a high frequency electric field induce an ultrafast phase transition from the 
weakly polar monoclinic (Cc) phase to the strongly polar rhombohedral (R3c) phase in Bi0.5Na0.5TiO3 within 20 ps at 200K.  

 

 


