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ABSTRACT 

We report a novel approach of using swift O5+ ion irradiation to implement 

para-ferroelectric phase transition in a relaxor ferroelectric KTa0.62Nb0.38O3 (KTN) 

single crystal. With 15-MeV swift O5+ ion irradiation, a well-defined two-layer 

structure has been formed in the KTN sample due to the interaction between the O 

ions and KTN via electronic stopping and the nuclear stopping, respectively. The 

microstructures in these two layers are characterized by using a micro-Raman 

(μ-Raman) spectral technique. The significant changes of both spectral intensities and 

locations in three characteristic Raman peaks suggest that the top layer of the KTN 

sample due to electronic stopping exists a single-domain-ferroelectric state with a 

uniform and enhanced polarization orientation along [001]c direction. More 

importantly, we observe the irradiated region can effectively confine the light 

propagation in the ferroelectric layer, which can be further controlled by external 

fields. The results are promising for designing new integrated photonic devices. 

1. Introduction 

Potassium tantalate niobate (KTa1-xNbxO3, KTN) has been receiving considerable 

attention as a promising functional material since 1950s, due to its large electro-optic 

(EO) effect, (1, 2) unique dielectric and ferroelectric properties. (3-5) With increasing 

temperature, the KTN crystal presents four different crystallographic structures: 

rhombohedral, orthorhombic, tetragonal, and cubic. (4) The transition temperature is 

controllable with changing the value of x, namely the ration of Ta:Nb in the crystal. 



(6) For optical functional devices, most investigations on KTN materials are focused 

on the tetragonal-to-cubic transition process, as it occurs near room temperature with 

a proper x value. (7-12) 

Ion implantation is a well-established technique to modify the material properties 

by controlling the ion-matter interaction in different ways including normal ion 

implantation (13-15) and swift heavy-ion irradiation. (16-18) Compared with the 

normal ion implantation, the swift heavy-ion irradiation exploits medium-mass ions 

(atomic number larger than 5, e.g., carbon, nitrogen, oxygen and fluorine, etc.) with 

energies above 1 MeV/amu, offering not only intriguing features with ultralow ion 

fluences for desired material or structure fabrications but also applicability over a 

wide range of materials. (19) Previous investigations have demonstrated that the ion 

implantation is capable of continuous modification of electric transport, magnetic 

properties and phase transition in metals, alloys and ferroelectric materials including 

La0.7Sr0.3MnO3, PbTiO3, BiFeO3 and SrRuO3. (20-26) Through this surface treatment 

with proper control of the implantation parameters, several features of the materials 

can be improved to a great extent. 

In this work, we report a novel approach of using swift O5+ ion irradiation to 

produce the para-ferroelectric phase transition in a relaxor ferroelectric of KTN single 

crystal. We observe a symmetry breaking of the original lattice, revealing an 

off-center displacement of niobium ions and the deformation of NbO6/TaO6 

octahedral sites due to the collisions between the irradiated O5+ ions and the target 



atoms. We use the confocal Raman technique to study the phonon modes of the 

materials. The experimental results agree with the theoretical simulation based on the 

combination of a damped harmonic oscillator (DHO) model and the Fano function. 

2. Experimental details 

The KTN single crystal used in our experiment was grown by the top-seeded 

solution growth method. The sample was cut into dimensions of 4 × 3 × 2 mm3 with 

all surfaces optically polished. To produce a ferroelectric layer, one of the sample 

surfaces (4 × 3 mm2) was irradiated with the swift oxygen (O5+) ions with energy of 

15 MeV and fluence of 5 × 1014 ions/cm2 at room temperature by using the 3 MV 

tandem accelerator at Helmholtz-Zentrum Dresden-Rossendorf, Germany. During the 

irradiation, the O5+ ions beam was tilted by 7° off the normal direction of the sample 

surface to minimize the channeling effect, and the low-level ion current density (about 

6-8 nA/cm2) was kept to eliminate both heating and charging in the sample. 

To characterize the microstructural change of the KTN single crystal induced by 

the 15 MeV swift O5+ ion irradiation, we measured the μ-Raman spectra of the 

irradiated sample by utilizing a confocal Raman spectrometer (NanoBase 

XperRam200) in temperatures ranging from −10 °C to 80 °C. A continuous-wave 

532-nm laser beam was focused on the sample through a 40× microscope objective 

with numerical aperture (N.A.) of 0.75. The back-scattered Raman spectra from the 

sample were collected by the same objective and then propagated to a confocal slit 

before detected by the spectrometer. The sample temperature was increased at a 4.5 



°C/min rate from −10 °C to a measuring temperature which is then kept for 3 minutes 

by a heating/cooling stage (Linkham THMS600) with a precision of 0.1 °C. 

The morphology of the irradiated sample was characterized by using the 

transmission electron microscopy (TEM; FEI Tecnai G2F20, Talos). To obtain the 

Curie temperature (Tc) of the KTN sample, the temperature-dependent relative 

dielectric constant (εr) measurement was performed by using an LCR meter (TH2830) 

with a 100 Hz, 1V sinusoidal signal. 

3. Results and discussion 

 

Figure 1. (a) The electronic (blue dash line) and nuclear (red solid line) stopping 

power profiles of the 15 MeV swift O5+ ion irradiated KTN crystal as a function of 

penetration depth from the sample surface, respectively, (b) the cross-sectional 

microscope image of the swift O5+ ion irradiated KTN crystal, and the inset shows the 



near-field intensity distribution of the TE-mode for EELL at the wavelength of 632.8 

nm, (c) TEM image of the cross section of the irradiated KTN crystal, (left-hand side) 

overall morphology and (right-hand side) partial enlarged image, (d) the relative 

dielectric constant versus temperature curve measured at 100 Hz for the KTN single 

crystal used in our experiment. 

Here, a software of Stopping and Range of Ions in Matter (SRIM-2013) code was 

used to calculate the electronic and nuclear stopping power (Se and Sn) profiles of 15 

MeV O5+ ions in KTN crystal. (27) Figure 1a shows the calculated Se and Sn results as 

a function of penetration depth from the sample surface irradiated with a 15 MeV 

swift O5+ ion beam. It should be noted that the Se is dominant over the Sn from the 

sample surface to the depth of 4 μm. The Se reaches its maximum of 3.25 KeV/nm 

around 2.7-μm depth, whereas the Sn is less than 0.03 KeV/nm. With depth exceeded 

4 μm, however, the Sn increases rapidly and reaches its peak value of 0.3 KeV/nm at 

about 5.5-μm depth. On the other hand, the Se decreases from its maximum and 

reaches zero at 6-μm depth. Based on the thermal spike model, we believe that the 

lattice changes occurring in the electron energy-loss layer (EELL) is primarily 

induced by the electronic collisions between the incident O5+ ions and the target 

atoms, leading to electronic excitation and ionization of target atoms. (28) In addition, 

the energy transferring from the excitation state to the lattice will result in the atomic 

displacement. (29) 

Figure 1b shows the cross-sectional microscope image of the swift O5+ ion 

irradiated KTN crystal. It can be seen that a uniform thin layer with a depth of about 6 



μm was produced at the sample surface by the O5+ ions irradiation. By coupling a 

632.8-nm laser beam into the EELL (namely an optical well, act as a planar 

waveguide) via a standard end-face coupling arrangement, (30) we observed an 

interesting phenomenon of TE-mode optical spatial solitons (the inset of Figure 1b) 

occurring at room temperature. The TEM image of overall morphology on the 

left-hand side of Figure 1c shows an irradiated two-layer region, an electron 

energy-loss layer (EELL) and a nuclear energy-loss layer (NELL), which are formed 

by the electronic and nuclear collisions between the irradiated O5+ ions and the target 

atoms. And  in the partial enlarged image displayed on the right-hand side of Figure 

1c, we can see that a 200-nm thick amorphized damage (namely an optical barrier 

with lower refractive index) is built at about 5.5-μm depth from the surface. In 

consistent with Figure 1a, the location of the generated amorphous damage is just 

around the peak position of Sn where the value  exceeds  the damage threshold  for 

the KTN sample. Both microscope image and the TEM images  are in good 

agreement with the projected range of the 15 MeV O5+ ions in the KTN crystal 

calculated by the SRIM-2013 code, as depicted in Figures 1a. The εr-T curve of the 

KTN sample is shown in Figure 1d, indicating Tc =14 °C and the Nb-composition 

ratio x = 0.38 with Tc[K] = 676x + 32[K] (x ≥ 0.045). (8) 



 

Figure 2. (a) Comparison of room temperature Raman scattering spectra obtained 

from the EELL at a depth of ~ 3 μm beneath the surface (red curve), the NELL (blue 

curve), and the substrate of the irradiated KTN sample (green curve), respectively. 

Inset shows the normalized Raman spectra of the EELL and substrate of the 15 MeV 

swift O5+ ion irradiated KTN crystal, schematic illustration of (b) the A1(2TO) mode, 

(c) the A1(3TO) mode, respectively. 

Upon completion of the μ-Raman analysis, we found an obvious phase transition 

occurred in the EELL, which is observed for the first time in KTN crystal  to our 

best knowledge. It is wellknown that the optical phonons of KTN in the cubic phase 

has an irreducible representation, 3T1u + T2u, which are the first-order Raman inactive 

modes that corresponding to the space group Pm3m (O
1 

h ). However, in the tetragonal 

phase with P4mm (C
1 

4ν), each of the T1u modes splits into A1 + E modes and the T2u 

modes splits into B1 + E modes, satisfying the relaxing Raman selection rules as the 

atomic sites become lower translational symmetry during the phase transition process. 

As a result, all phonon modes are Raman active. (31-34) Figure 2a shows the 



room-temperature Raman spectra obtained from the EELL (at the depth of 3 μm 

beneath the surface), the NELL, and the substrate of the irradiated KTN sample, 

respectively. It should be noted that the Raman spectra of EELL and substrate are 

normalized by the peak intensity of E(1TO) mode, as shown in the inset. In our study, 

we focus primarily on three characteristic Raman peaks, E(1TO), A1(2TO), A1(3TO), 

which are the key indicators showing the  transformation from paraelectric phase to 

ferroelectric phase in KTN crystal. (35, 36) Above Tc, the presence of a Raman 

signature indicates that the crystalline structure of the substrate (cubic) remains in the 

paraelectric phase with a Pm3m symmetry at room temperature.  In Figure 2a, it is 

clear that the Raman spectral intensity of the EELL is significantly enhanced with 

respect to the substrate. This is due to the increasing off-center displacements of 

niobium ions modified by electronic collisions between the incident O5+ ions and the 

target atoms, which results in a strengthening of polarization. (31, 35-37) The E(1TO) 

mode of the second-order Raman scattering at about 120 cm-1 is associated with two 

transverse acoustic phonons at the Brillouin zone boundary of the EELL, which is 

much weaker than that exited in the substrate material (see the inset) due to the 

effective interaction of the nucleation of the polar clusters with the transverse acoustic 

mode. (36-38) The A1(2TO) mode at about 207 cm-1 associated with the Fano 

resonance corresponds to the niobium ions vibrating against all the oxygen ions of the 

NbO6/TaO6 octahedral units, as displayed in the Figure 2b. (35, 39) Compared to the 

substrate in cubic phase, the resonance depth of the A1(2TO) mode is obviously 

enhanced in the EELL (see the inset in Figure 2b), indicating that the off-center 



displacement of the Nb5+ ions break the lattice symmetry during the irradiation 

process. (6, 36) Here the peak position of A1(2TO) for EELL is found to shift towards 

higher energy than that of the substrate material, which results from the expansion of 

the lattices induced by electronic collisions. (13, 14)  In addition, the A1(3TO) mode 

of the EELL at about 565 cm-1 ,i.e. the vibrational mode of the deformation of the 

NbO6/TaO6 octahedral units (Figure 2c), shows a noticeable anomaly in wave number 

as compared to the substrate. This can be attributed to the polarization enhancement 

of the KTN crystal in its tetragonal phase. (35, 36) As discussed above, the  

evolution from paraelectric cubic phase to ferroelectric tetragonal phase clearly exists 

in the EELL based on the experimental evidence in both the Raman peak intensity 

variations and the shift of peak positions. It should be noted that the microstructural 

changes of the EELL characterized by Raman spectra are in good agreement with the 

analysis by the thermal spike model mentioned in the previous section during the 

phase transition process from paraelectric phase to ferroelectric phase. Finally, the 

Raman spectral intensities in the NELL are much weaker than that in the substrate, 

and the peaks of A1(2TO) and A1(3TO) shift towards higher energies near the end of 

the O5+ ion track (shown in Figure 2a) where the lattice damage occurs due to the 

nuclear collisions. As a result, EELL can effectively confine the light propagation 

which can be further controlled by external fields. 



 

Figure 3. Raman spectra at different temperatures with an interval of 5 oC for (a) the 

EELL at a depth of ~ 3 μm beneath the surface and (b) the substrate of the 15 MeV 

swift O5+ ion irradiated KTN crystal. The temperature dependence of (c) the 

resonance depths of the A1(2TO) mode and (d) the peak positions of the A1(3TO) 

mode obtained from the EELL and the substrate of the irradiated KTN sample, 

respectively. 



 

Figure 4. Diagram of polarization of (a)-(c) the EELL and (d)-(f) the substrate in the 

irradiated KTN sample at different phase, respectively. (a) and (d) ferroelectric phase 

(below Tc), (b) and (e) super paraelectric phase (in the vicinity of Tc), (c) and (f) 

paraelectric phase (above Tc). The ferroelectric domains of (a) the EELL oriented by 

the swift O5+ ion irradiation process and the polarization directions of the polar 

domains of (d) the substrate induced by the temperature in ferroelectric phase. Arrows 

represent the polarization directions of dipole, and red lines represent the domain 

walls of polar domain structures. 

Figures 3a and 3b display the temperature dependent Raman spectra of the EELL 

(at a depth of ~ 3 μm beneath the surface) and the substrate of the KTN sample, 

respectively. To characterize Raman spectral changes in detail, the resonance depths 

of the A1(2TO) mode and the peak positions of the A1(3TO) mode obtained from the 



EELL and the substrate of the KTN sample at different temperatures are plotted in 

Figures 3c and 3d. The depths of the A1(2TO) with respect to the EELL is quite larger 

than that corresponding to the substrate during the entire investigation, which build up 

the key demonstration of the phase transition induced by the swift heavy ions in the 

crystal. It is clear that the ferroelectric Raman signatures at room temperature in the 

EELL are much noticeable compared to the spontaneous phase transition of the 

substrate in its ferroelectric phase when the temperature is below 15 °C. In addition, 

as Raman intensity is significantly enhanced in the EELL and ion irradiation can 

effectively control the uniaxial lattice expansion of the crystal, (14, 31) it can be 

demonstrated that the EELL of the KTN crystal has a single-domain-ferroelectric 

state with a uniform polarization orientation along [001]c direction driven by the swift 

O5+ ion irradiation, as depicted in the Figure 4a. In ferroelectric phase below Tc, the 

typical 90o micro-domains are formed by the spontaneous polarization process in the 

substrate with ordered polar domain walls in all four directions as shown in Figure 4d. 

(40) Along with increasing the temperature, the resonance depths of the A1(2TO) 

mode gradually decreases while the wave numbers of the E(1TO) and the A1(3TO) 

exhibit analogous blue shift in Figures 3a-3d, showing a clear  evidence of phase 

transition. The results reveal that the ferroelectric domains are transformed to the 

polar nanoregions (PNRs) in the vicinity above the Tc (as shown in the Figures 4b and 

4e). Eventually, the PNRs disappear at a certain high temperature (as shown in the 

Figure 4f) due to the weakening of the polarization. (35) However, upon heating to 80 

°C, it is found that the resonance depth of the A1(2TO) mode in the EELL does not 



completely disappear. In other words, the PNRs remain in the cubic matrix as shown 

in Figure 4c, (37) revealing that the ion irradiation strengthens the polarization of 

polar regions due to the increasing off-center displacements of niobium ions. 

 

Figure 5. Fitting curves of the Raman spectra (a) the EELL and (b) the substrate of 

the 15 MeV swift O5+ ion irradiated KTN crystal at room temperature, respectively. 

In the meantime, the Raman spectra of the irradiated KTN sample are fitted by 

the summation of a Lorentzian central peak (CP), several damped harmonic 

oscillators (DHO) for all phonon modes, and the Fano function with a third order 

polynomial (35, 41-43) as follows 
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where ACP and ГCP are intensity and full width at half maximum (FWHM) of the 

CP, respectively. Ai, Гi and ωi are intensity, damping constant, and frequency of the 

ith Raman mode, respectively. IB can be expressed as 

     
2 2 2

3 2 1

B TO TO TOI P Q R S            ,      (2) 

where P, Q, R and S are constants. I0 is intensity of the TO2 mode (Fano 



resonance), q is the asymmetry parameter, and ε = 2(ω-ωTO2)/ГTO2 where ГTO2 is 

FWHM of the TO2 mode, respectively. Figures 5a and 5b show the results of using 

Eq. (1) to fit the room-temperature Raman spectra of the EELL at a depth of ~ 3 μm 

(beneath the surface) and the KTN substrate, respectively. We can observe that the 

intensity and q of the Fano resonance of the EELL increase with respect to the 

substrate, while the ГTO2 decreases. Our results agree well with Ref. (44). Moreover, 

as compared to the substrate, the intensity of DHOs associated with the A1(3TO) 

mode at about 565 cm-1 increases and the low-wave number shoulder of the A1(3TO) 

appears in the EELL, as shown in Figure 5. It should be pointed out that the presence 

of the Fano resonance and the anomalous change of the A1(3TO) mode in the EELL 

indicate the symmetry breaking caused by the swift O5+ ion irradiation. (43, 44) 

 

Figure 6. Comparison of room temperature Raman scattering spectra of the EELL 

obtained at different depths from the sample surface . The KTN crystal are irradiated 

by 15 MeV swift O5+ ions . 



Furthermore, the energy of the swift heavy O5+ ions was transferred to the lattice 

gradually in the whole irradiating range, which means that the effect mentioned above 

should be different in the whole region. Figure 6 depicts the room-temperature Raman 

spectra of the EELL at different irradiated depths from the sample surface to a depth 

of 6 μm with an interval of 1 μm. The peak intensities and locations in the Raman 

spectra show no obvious changes within the first 0 - 4 μm, implying that this EELL 

has a relatively uniform lattice modulation. However, the Raman peak intensities 

gradually decrease from the depth of 4 μm to 6 μm owing to the lattice damage 

induced by nuclear collisions. This is in accordance with the projected range of the 15 

MeV swift O5+ ion irradiated KTN crystal simulated by the SRIM-2013 code. 

 

Figure 7. 2D spatial distributions of (a) intensity and (b) shift of the A1(2TO) mode 

around 207 cm-1, and spatial distributions of (c) intensity and (d) shift of the A1(3TO) 

mode around 565 cm-1 obtained from the end-face of the 15 MeV swift O5+ ion 

irradiated KTN sample at room temperature, respectively, (e)-(h) correspond to the 



3D spatial distributions. 

Additionally, Figures 7a and 7b display the 2D spatial distributions of intensity 

and spectral shift of the A1(2TO) mode, and Figures 7c and 7d correspond to the 

spatial distributions of intensity and the shift of the A1(3TO) mode, respectively. 

Figures 7e-7h are 3D plots obtained from the end-face of the 15 MeV swift O5+ ion 

irradiated KTN sample at room temperature. It is apparent that the changes of Raman 

intensities and peak locations in the EELL are more pronounced with respect to the 

substrate. This can be attributed to the uniform and significant lattice expansion 

caused by the electronic collisions during the irradiation process. Near the end of the 

O5+ ion track, the strong modulation in Raman spectra contributes to the formation of 

a distinct gap between the EELL and the substrate. 

4. Conclusion 

In conclusion, we have studied the para-ferroelectric phase transition induced by 

swift O5+ ion irradiation in a relaxor ferroelectric KTa0.62Nb0.38O3 (KTN) single 

crystal. Raman spectral results indicate that the EELL of the KTN sample has a 

single-domain-ferroelectric state with a uniformly-enhanced polarization orientation 

along [001]c direction induced by electronic collisions between the incident O5+ ions 

and the target atoms. The results agree well with the analysis of the microstructural 

changes by the thermal spike model associated with the swift O5+ ion irradiation 

process. Near the end of the O5+ ion track, we also observed an optical barrier capable 

of confining the light propagating in the optical well efficiently due to the strong 

optical modulation associated with the lattice damage. By combining both the 



excellent ferroelectric property and the strong optical-guiding capability in a very 

compact size, our results are promising for integrated photonics applications such as 

multifunctional photonic devices and small circuit chips. 
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