SCIENTIFIC REPLIRTS

Fano resonance of Li-doped
KTa;_,Nb,O; single crystals studied
by Raman scattering
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Published: 06 April 2016 : The enhancement of functionality of perovskite ferroelectrics by local structure is one of current
. interests. By the Li-doping to KTa,_,Nb,O; (KTN), the large piezoelectric and electro-optic effects
. were reported. In order to give new insights into the mechanism of doping, the microscopic origin
. of the Fano resonance induced by the local structure was investigated in 5%Li-doped KTN single
crystals by Raman scattering. The coupling between the continuum states and the transverse optical
phonon near 196 cm~! (Slater mode) caused a Fano resonance. In the vicinity of the cubic-tetragonal
phase transition temperature, T =31°C, the almost disappearance of the Fano resonance and the
remarkable change of the central peak (CP) intensity were observed upon heating. The local symmetry
. ofthe polar nanoregions (PNRs), which was responsible for the symmetry breaking in the cubic phase,
. was determined to E(x, y) symmetry by the angular dependence of Raman scattering. The electric field
* induced the significant change in the intensity of both CP and Fano resonance. From these experimental
results, it is concluded that the origin of the Fano resonance in Li-doped KTN crystals is the coupling
between polarization fluctuations of PNRs and the Slater mode, both belong to the E(x, y) symmetry.

The lead-based ferroelectrics have been extensively used in our daily lives for their colossal piezoelectricity and
giant dielectric response; however, its future applicability is highly limited because of the toxic nature of lead.
Therefore, the advancements of lead free ferroelectrics materials are an imperative matter in applied physics.
In order to enhance the functionality of lead free ferroelectrics, the role of local structure is very important!.
In the midst of lead free ferroelectrics, the investigation of Li-doped KTa,_,Nb,O; (KTN) has fascinated much
scientific attention owing to their enormous quadratic electro-optic coefficient*, good photorefractive effect’,
and excellent piezoelectric effect®, which make them one of the potential candidates for not only optical but also
electromechanical device applications.

KTN is the solid solution of KTaO; and KNbOj;. The most important aspect of KTN is the off-center displace-

. ments of Nb ions at the B-site and therefore they induce polar naoregions (PNRs)’. The physical origin of the
. off-center displacements of Nb ions was rationalized by the pseudo Jahn-Teller effect (PJTE). A light scattering
. study also explained the off-center displacements of Nb ions in KTN by eight site model, in which Nb ions dis-
: place among the equivalent [111] directions’. As widely reported by various kinds of measurements!®-7, one
* off-center displacement interacts with the neighboring off-center displacements, leading to the local polar struc-
. ture called PNRs in the paraelectric cubic phase of KTN crystals. The PNRs are characterized by various temper-
: atures in the cubic phase. First, the Burns temperature, Tg'%, below which the dynamic PNRs appear. Second, the
intermediate temperature, T%, at which the dynamic PNRs start to transform into static PNRs!'%-12,

Recently, the effect of Li-doping in KTaO; and KNbO; is one of the interesting research fields in materials
science. In K;_ Li, TaO; (KLT) and K,_.Li,NbO; (KLN), the substitutional Li ions occupy one of six off-center sites
along the [100] directions at the A-site'?, which can lead to the formation of random fields that enhance the
appearance of PNRs. In KLT, there is a crossover at around critical concentration y = 0.022 between a freezing
and a structural transition with a critical level of local polarization'®. Most recently, Rahaman et al. observed the
effects of Li-doping on elastic properties, which enhanced the relaxor nature by the growth of PNRs of KTN?!.

. Therefore, the Li-doped KTN is an intriguing topic to investigate the Li-doping effects on precursor dynamical
* properties of a relaxor ferroelectric phase transition.
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Figure 1. A typical sketch of the experimental scattering geometry with a half-wave plate. The orthogonal
coordinates (a-c) represent the experimental coordinates, where the incident light propagating along g had a
polarization direction along c axis. When the polarization direction of incident light is inclined 6/2 with respect
to the optical axis of the waveplate, the polarization plane of incident is rotated by 6 while that of the scattered
light rotates by —6.

In KTN, the dynamical aspect of PNRs was extensively studied by inelastic light scattering!®11>1422 However,
the microscopic origin of the Fano resonance at around 196 cm™! in Li-doped KTN still remains fuzzy. The phe-
nomenon of a Fano resonance results from the interaction between a discrete state and continuum states showing
the asymmetry of the spectral line shape?. The possible continuum states, which can interfere with the optical
phonons and give rise to a Fano resonance, are the two acoustical phonon state*, another transverse optic (TO)
phonon via acoustic phonons?, and the rapid polarization fluctuations with the frequency up to the Fano res-
onance frequency within micro polar regions®, and nanoscopic polar regions?”. The Fano resonance was also
observed in different types of materials from several physical origins by the various measurements?*-*°. In this
study, we investigated the microscopic origin of the Fano resonance in Li-doped KTN crystals using the tem-
perature, angular, and electric field dependences of Raman scattering. The local symmetry breaking in the cubic
phase was discussed on the basis of the existence of the first order Raman modes connecting with the evolution
of the PNRs.

Methods

The Ky 9sLig 05Ty 73Nby ,,05 (KLTN/0.05/0.27) and K 9sLiy osTa 74Nbg 5605 (KLTN/0.05/0.26) single crystals used
in the present study were grown by the top seeded solution growth technique at NTT Corporation. The crystals
were cut having the size of 4.0 X 3.2 X 1.2mm? and 4.0 x 3.18 x 1.0 mm? with the largest faces perpendicular to
the [100] direction, respectively. In KLTN/0.05/0.26 crystal, the platinum electrodes were deposited on the faces
perpendicular to the [100] direction to apply the electric field. The temperature and electric field dependences of
Raman spectra were measured using a double monochromator (Horiba-JY, U-1000) with the resolution of 1cm™!
at a back scattering geometry. The Porto’s notation like d(cc)a (VV) and d(bc)a (VH) is used to denote the scatter-
ing configurations, where d and a represent the direction of propagation of incident and scattered light, respec-
tively. In the case of V'V scattering the directions of the polarization of incident and scattered light are parallel to
each other represented by, for example, cc. However, in the case of VH scattering the directions of the polarization
of incident and scattered light are perpendicular to each other, for example, along c and b axes, respectively,
represented by bc. A diode pumped solid state (DPSS) laser with a wavelength of 532 nm was used to excite the
samples. The temperature of the samples was controlled by the heating/cooling stage (Linkam, THMS600) with
£0.1°C accuracy over all temperatures.

For the angular dependence of Raman scattering, the KLTN/0.05/0.27 crystal was put on the xyz mapping
stage (Tokyo Instruments) inside the Linkam installed in the optical reflection microscope (Olympus). The lin-
early polarized light from DPSS was incident to the sample through a polarization rotation device (Sigma Koki)
equipped with a broadband half-waveplate (Kogakugiken). When the polarization direction of incident light is
inclined 6/2 with respect to the optical axis of the waveplate, the waveplate rotates polarization plane of incidence
0 degree. On the other hand, the polarization direction of scattering light, propagating in opposite direction of
incident light, is rotated by — 6 degree. For better understanding the configurations of scattering, a typical illustra-
tion of the experimental scattering geometry is shown in Fig. 1. The strong elastic scattering was highly reduced
by two volume Bragg gratings so called “ultra narrow-band notch filters” (OptiGrate). The inelastic scattering
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Figure 2. Reduced (a) d(cc)a (VV) and (b) a(bc)a (VH) Raman scattering spectra at some selected
temperatures of the KLTN/0.05/0.27 single crystal.

light was dispersed by a single-monochromator (Lucir) and the dispersed component was detected using a charge
coupled device (CCD, Andor).

Results

Temperature dependence of Raman scattering spectra. In the analysis of Raman scattering spectra,
the reduced intensity, I'(w), was calculated from the Stokes component of Raman scattering intensity by the fol-
lowing equation.

I(w)

I'w) = ————,
wn(w) + 1] (1)

1
exp (leMT) -1
the Dirac constant. I(w) is the observed Raman scattering intensity. By the reduced intensity, the effect of phonon
population on spectra can be avoided. The temperature dependence of reduced a(cc)a (VV) and a(bc)a (VH)
Raman spectra of a Li-doped KTN i.e., K ¢5Li g5 T2y 73Nby ;05 (KLTN/0.05/0.27) single crystal is shown in Fig. 2.
The existence of a prominent first order TO, mode at about 196 cm ™! in both VV and VH spectra and a TO; mode
at around 277 cm™! at 26 °C demonstrates that the symmetry of the KLTN/0.05/0.27 single crystal is not cubic
Pm-3m symmetry at room temperature (RT). The detailed mode assignment of the KTN single crystals were
studied in Refs. 31-34. According to the phase diagram of KTN3>%*, a cubic phase is indeed expected for the
non-doped KTN/0.27 crystal at RT. However, Li-doping raises the cubic-tetragonal phase transition temperature
(Tc.r) and the tetragonal phase with P4mm symmetry was reported at RT in KLTN/0.05/0.27%!. By Raman scat-
tering, the effect of Li-doping on the phase transition of the KTN crystals was also reported by Prater et al.*’.

To investigate the temperature dependence of a central peak (CP), which is related to the relaxation process of
dynamic PNRes, all spectra were fitted by the combination of a Lorentzian CP, damped harmonic oscillator (DHO)
model, and a third order polynomial with the Fano function as follows?>

wheren(w) = is the Bose-Einstein population factor, in which kg is the Boltzmann constant and % is

r AT .w?
2CP2 +Z 2 1212% 22+IB+
4w” + I'cp T (W = W)+ W

_ 2 Iy(q + &)

Ir
(w) 119 @)

where Iy = P(w — wro,)® + Q(w — wre,)? + R(w — wre,) + S, Acp and Igp are intensity and FWHM (full width at
half maximum) of the CP, respectively. The A,, I}, and w; are intensity, damping, and frequency of the ith Raman
mode, respectively. The I, is intensity of the Fano resonance (TO, mode), q is the asymmetry parameter char-
acterises the coupling strength between the phonon and continuum states, € = 2(w — wro,)/I 1o, is the reduced
energy, where I 1o, is the FWHM of the Fano resonance. P, Q, R, and S are the constants. Figure 3a shows the
fit result using equation (2). Since the Raman modes were best resolved at the lowest temperature, therefore, the
fitting procedure was started with the spectrum measured at the lowest temperature. The best fit in the preceding
temperature was taken as the initial data for the next higher temperature. The temperature dependence of the
reduced intensity, Acp, and FWHM, I'cp, of the CP observed in the VV scattering spectrum is shown in Fig. 3b. As
can be seen in Fig. 3b, the A¢p begins to increase below the intermediate temperature, T* ~ 100 °C, upon cooling,
reflecting the sudden growth of the volume fraction of PNRs!®!2! In Fig. 3b, the temperature dependence of
I'cp, which is inversely proportional to the relaxation time, becomes narrower remarkably towards the T¢ 1 upon
cooling, implying the slowing down of the relevant polarization fluctuations of PNRs. Therefore, the anomaly at
around 100 °C must reflect a significant change in the dynamical properties of the KLTN/0.05/0.27 crystal upon
cooling. It is significant that both A¢p and I'cp exhibit clear anomaly in the vicinity of the T¢ = 31 °C. Moreover,
the first order TO,; mode in the VV spectra completely vanished at T 1 upon heating (Fig. 3c), which can be the
clear indication of the phase transition of the KLTN/0.05/0.27 single crystal. The similar variation of the intensity
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Figure 3. (a) The example of a fit of Raman spectrum using the equation (2). (b) Temperature dependence
of the integrated reduced intensity and FWHM of the CP of the KLTN/0.05/0.27 single crystal at the VV
scattering. The dotted and dash-dotted lines in (b) are guide to eyes. (c) The frequency shift of the first order
TO, and TO, modes (upper half) and the variation of the intensity of the 2TA mode (lower half) at the VV
scattering of the KLTN/0.05/0.27 crystal as a function of temperature.

and the I'cp of the CP associated with the precursor dynamics was also observed in Pb(Zn,;;Nb,,3)O; (PZN) single
crystal®®. The values of the characteristic temperatures T and T* are in good agreement with the values reported
in ref. 21.

It is worth noting that the temperature dependence of the reduced intensity, I, of the Fano resonance
decreases rather fast in the vicinity of the Tt upon heating, while it is still intense above the T 1 (Fig. 4a,b),
indicating the symmetry breaking caused by the dynamic PNRs. In a typical relaxor, the breaking of symmetry in
the cubic phase due to the existence PNRs with rhombohedral R3m symmetry was also studied by Raman scat-
tering®*. It is also significant that the I';, shows the noticeable change associated with these precursor effects,
therefore, the Fano resonance might be correlated with the PNRs. Since the polarization fluctuations of the PNRs
give rise to the CP, hence, the coupling between the CP and the TO, phonon can cause a Fano resonance near
196 cm ™! in Li-doped KTN crystals. The schematic illustration of the coupling phenomenon between CP and TO,
phonon is shown in Fig. 5.

Angular dependence of Raman scattering spectra.  For better understanding the physical origin of the
Fano resonance in Li-doped KTN crystals, we analyzed the angular dependence of both VV and VH spectra in
the cubic phase as shown in Fig. 6a,b, respectively. The angular dependence of Raman spectra shows the periodic
variation with the rotation of the plane of polarization, and the variation of the intensity was out of phase between
VV and VH spectra. We are mainly concerned about the microscopic origin of the Fano resonance. The angular
dependence of Raman spectra was analyzed on the basis of Raman tensor calculations assuming the local sym-
metry of PNRs to clarify the physical origin of the CP and the Fano resonance in the cubic phase. According to
the neutron pair distribution function analysis, the local symmetry of the PNRs of the Pb(Mg, ;Nb,,5)O; (PMN)
crystal was reported as rhombohedral R3m*!. The R3m symmetry has three Raman active modes, A,(2), E(y), and
E(-x) with the following Raman tensors*

a 00 c 0 0 0 — —d
A(z)=10 a 0|, E) =10 — d|s E(=x)=|— 0 0
00%b 0do -d 0 0 (3)

The angular dependence of Raman integrated intensity was fitted by the following expression
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Figure 4. The temperature dependence of reduced intensity, I, line shape parameter, g, and FWHM, I'r, of the
Fano resonance in (a) VV and (b) VH scattering spectra of the KLTN/0.05/0.27 crystal fitted by equation (2).
The example of a fitted curve is shown in (c). (d) The temperature dependence of g~* and I'1, observed at the
VV scattering geometry in the ferroelectric phase. The solid lines in (d) are guide to eyes.
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Figure 5. A schematic illustration of the coupling between slow-relaxing CP (a broad spectrum indicates
continuum states) and TO, phonon (a sharp spectrum indicates discrete state). The I-; and I, are the
relaxation rates of the CP and TO, phonon, respectively, (I cp > I7o,). The displacement pattern of Slater mode
is depicted in the right side, whereas dynamic PNRs is displayed in the left side. The local polarization of PNRs
fluctuates along the equivalent [111] directions indicated by an arrow.
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Figure 6. Angular dependence of (a) VV and (b) VH Raman scattering spectra of the KLTN/0.05/0.27 single
crystal measured at 40 °C. The observed intensity of the CP (upper half) and the Fano resonance (lower half) in
(c) VV and (d) VH spectra as a function of rotation angle. The solid lines in (c) and (d) are the best fitted curves
using the equations (5) and (6), respectively.

R'.c'. [A,(z)or E(y)or E(—x)] - R- C, (4)
(1 0 0
R=10 cosf —sinf

0 sinf cosf

where 0 is the rotation angle of the experimental coordinates and C is the transformation matrix for the modifi-
cation of the Raman tensor components*2. Since the local rhombohedral regions are oriented randomly along the
eight equivalent polarization directions, thus the angular dependence was calculated in the multi-domain states
in which the contributions of all eight domains are summed up equaly*?. The angular dependence of observed
Raman intensity of the CP, Ip, and the Fano resonance, I'1p,, in both VV and VH spectra in the cubic phase are
plotted in Fig. 6¢,d, respectively. It is worth noting that the change of the intensity of the CP and the Fano reso-
nance with the rotation of the plane of polarization in the cubic phase of the Li-doped KTN crystal is similar to
the behaviour of PNRs of PMN with the E(x, y) symmetry*2. Hence, on the analysis of the angular dependence of
Raman results of the Li-doped KTN crystals, we excluded the A,(z) symmetry of PNRs. For the E(x, y) symmetry
of PNRs, one can obtain the values of the intensity of the cc (VV) and bc (VH) components after the transforma-
tion of the Raman tensor component using the equation (4) given by

8 . 8
Ipey) 3 sin? 0[2|d[* + |cf* + 3|c[* cos® 6] + ;[(5 [cf* + 16|d*)cos’

—2(|cf* + 5]d*)cos* 0 + |c[* + 2|df], (5)

I, ) %[3 |c|? cos* 20 + |c[* + 2|d] + %[(s I 4 16|d*)sin® 2 0 + 4|c[> + 2|d], ©

The change of the intensity of the CP and the Fano resonance observed at both VV and VH spectra is well
fitted by the theory via equations (5) and (6) as shown in Fig. 6¢,d, respectively. The fitted curves reproduce the
observed intensity variations rather well, implying that the CP and the Fano resonance in the cubic phase stem
from the E(x, y) symmetry of PNRs with a rhombohedral R3m symmetry. Since both the CP and the TO, phonon
belong to the same symmetry, therefore, the CP and the TO, phonon can be coupled with each other resulting in
a Fano resonance in Li-doped KTN single crystal.
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Figure 7. (a) Electric field dependence of both VV (upper half) and VH (lower half) Raman spectra of the
KLTN/0.05/0.26 single crystal measured at 25 °C. (b) The reduced intensity of the Fano resonance as a function
of the electric field in both VV (upper half) and VH (lower half) spectra measured at 25 °C. A schematic
illustration of off-center displacements of Nb ions in the cubic phase of the Li-doped KTN crystals in (c) before
applied field and (d) after applied field. The off-centering of Li ions among the equivalent symmetry related
sites, albeit not shown in the figure, can be described in a similar way.

Electric field induced Raman scattering spectra. In order to clarify the origin of the Fano resonance,
the electric field dependence of Raman scattering spectra of the KLTN/0.05/0.26 single crystal was investigated
above and below the Tt = 21°C. The lower value of the T¢_.r of the KLTN/0.05/0.26 crystal than that of the
KLTN/0.05/0.27 crystal occurs by the lower Nb concentrations. Figure 7a shows the electric field dependence of
Raman spectra of the KLTN/0.05/0.26 crystal in both VV and VH scattering measured at 25 °C. It is interesting
to note that the application of the electric fields causes the increase of the intensity for the VH spectra in the cubic
phase, while no noticeable change appears for the VV spectra. In KTN, the relaxor like behaviour is originated
from the correlated motion of the off-center Nb ions. These displacements are along equivalent [111] directions,
and each one can switch between several equivalents or symmetry related sites as shown in Fig. 7c”*. The motion
between these various orientations affects the off-diagonal components of the polarizability tensors, and there-
fore influences the intensity of the VH scattering. In this study, the electric field was applied along the a i.e., [100]
direction, which is orthogonal to the b-c scattering plane. As a result, Nb ions became constrained for moving
in this plane i.e., amongst four equivalent positions (Fig. 7d). Such a motion enhances the intensity of the VH
scattering, while preventing that of the VV one. This effect is clearly seen in Fig. 7b, where the I, increases with
increasing electric field in the VH spectrum, while in the V'V spectrum the I, does not exhibit any appreciable
change by the electric field. The switching of the Nb ions amongst four equivalent sites under the moderate elec-
tric fields can be the evidence of the dynamical response of local polarizations in the PNRs. Recently, the dynamic
response of the PNRs under an electric field in the cubic phase of KTN was reported in Ref. 43. It is also expected
that the restriction of the Nb ions to four sites results in a [100] time-averaged polarizations with the application
of the sufficient applied field, and resulting in a crystal transforms into a lower tetragonal P4mm symmetry. Since
the applied electric filed was not as high as that can induce the phase transition of the KLTN/0.05/0.26 crystal at
25°C, therefore the Raman spectra below 2.75kV/cm was not same as observed spectra in the tetragonal phase,
as presented in Fig. 2.

To clarify the effects of the electric field on the Fano resonance of the Li-doped KTN crystals, we also per-
formed the field induced Raman scattering in the ferroelectric phase where the polarization fluctuations of PNRs
were frozen into nano-domain states, while the growth into macrodomains was blocked by the random fields.
The electric field dependence of the I and the Acp measured at 2°C is displayed in Fig. 8. It is important to note
that the I, and the A¢p exhibit the anomalous change at E= 1.5kV/cm. In Li-doped KTN, without the external
electric field there was no driving force for switching the nano-domain states to ferroelectric macro-domains in
the tetragonal phase. Since the applied electric field along [100] direction stabilizes a tetragonal phase, therefore,
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CP (lower half) measured at 2°C.

the electric filed induced sudden increase of the I, and the A, is caused by the alignment of the random
nano-domain states along the field direction. Hence, the field induced change at 1.5kV/cm can be the transition
from random nano-domain states to a macro-domain state. By the applied electric field, such a transition from
nano-domain states to a macro-domain state was also observed in typical relaxor ferroelectrics*#** Since the pro-
posed microscopic origin of the Fano resonance in Li-doped KTN single crystal is the coupling between CP and
TO, mode, it is expected that the electric filed effect on CP and TO, mode should be the similar fashion. From the
Fig. 8, it is apparent that the intensity of CP and TO, mode exhibits the similar dependences on the electric field.
These results strongly support the coupling between the CP and the TO, mode.

Discussion

In the present study, the attention has been paid to clarify the microscopic origin of the Fano resonance in
Li-doped KTN single crystals. The physical origin of the Fano resonance is discussed on the basis of different
types of models and finally one model is chosen which reproduces the observed results appropriately. The Fano
resonances reported in different types of materials may result from several different physical origins?*-*°. In
BaTiO; single crystals, the Fano resonance at around 175 cm ™! was attributed to the interference effect arising
from the coupling of a single phonon state to a two acoustical phonon state through the anharmonic terms in the
potential function?. In that case, the variation of the intensity of the acoustical mode and the Fano resonance
should be the same in the wide temperature range. However, in Li-doped KTN crystals, the intensity of the
2TA mode did not exhibit any appreciable change in the cubic phase (Fig. 3c), whereas the intensity of the Fano
resonance showed the noticeable temperature dependence (Fig. 4a,b). Therefore, the coupling between the TO,
phonon and the two acoustic phonons cannot be the origin of the Fano resonance in Li-doped KTN crystals.

Pinczuk et al. also suggested that the interference in BaTiO; crystals at about 175cm™! can be due to the
anharmonic coupling of the lowest frequency TO phonon with the higher frequency TO phonon via acoustic
phonons®. In Li-doped KTN crystals, the lowest frequency TO phonon vanished at the T¢_1, whereas the Fano
resonance still existed above the T 1 (Fig. 3¢), and this fact again rules out the coupling of the lowest frequency
TO phonon with the higher frequency TO phonon via acoustical phonons as the origin of our observation.

In the relaxor Ba(Zr,,,Ti,;,)O5 (BZT), the Fano resonance at around 155 cm™! was caused by the interaction
between the Ti and the Zr sublattices?. Interestingly, the Fano resonance in BZT persists up to 627 °C, which is far
above the Ty ~ 177°C at which dynamic PNRs start to appear. This is contrary to what was observed in the present
observation, because the Fano resonance in Li-doped KTN crystals disappeared slightly above the T* at which the
dynamic to static transition of PNRs begins.

The inelastic light scattering study reported that the rapid polarization fluctuations with the frequency up
to the Fano resonance frequency within micro and nanoscopic polar regions interfere with a polar TO phonon
resulting in the Fano resonance in non-relaxor SrTiOj; thin films®*, and SrTiO; and Ca,Sr,_,TiO; nanocubes?,
respectively. However, the situation in Li-doped KTN is perfectly different from the situation in refs. 26 and 27,
where the micro and nanoscopic polar regions were arisen from incorporated impurities, most likely due to the
oxygen vacancies. In contrast, the PNRs can be induced in KTN owing to the off-center displacements Nb ions
at the B-site. In KTN and Li-doped KTN, the local polarization fluctuations of PNRs itself are much slower than
that of the TO, phonon frequency, and appear as the CP in a GHz frequency range'®!!?!. Furthermore, it is sig-
nificant that the value of the g gradually increased towards the T and became the maximum in the ferroelectric
phase, where the local polarization fluctuations were totally absent. Therefore, the interference between the rapid
polarization fluctuations within micro polar regions and the TO, phonon in non-relaxor SrTiO; films cannot be
the origin of the Fano resonance in Li-doped KTN crystals.

According to the theory, the g parameter is inversely proportional to the density of continuum states (p) and
the interaction strength (V)*#7. The I, of the Fano resonance is proportional to the pV?. It is interesting to note
that both I'to, and g ! increased approximately linearly with the temperature towards the T¢ 1 in the ferroelec-
tric phase as shown in Fig. 4d. These results reflect that the V' does not vary strongly with the temperature, and
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the temperature dependence of both I't, and g ! was caused by the increase of the density of continuum states
towards the T_r. These results are similar to those observed in a ferroelectric semiconductor Sn,P,Se .

Since the Fano resonance in Li-doped KTN crystals is affected by the precursor dynamics in the cubic phase,
there can be the correlation between the Fano resonance and PNRs. It is well established that the dynamic PNRs
in KTN and Li-doped KTN crystals are observed as the CP'*111321 Therefore, to clarify the physical origin of the
Fano resonance, it is worth to compare the variation of the intensity of the CP and the Fano resonance with the
temperature, angular, and electric field dependences of Raman spectra. It is clearly seen that the CP and the Fano
resonance intensities showed the similar dependences on temperature, angular, and electric field, which demon-
strates that the Fano resonance is driven by the CP. On the basis of these results, it is concluded that the coupling
between the CP and the TO, phonon can be the origin of the Fano resonance in Li-doped KTN single crystals®.

In summary, the microscopic origin of the Fano resonance in Li-doped KTN single crystals was investigated
by the temperature, angular, and electric field dependences of Raman scattering. The breaking of local symmetry
in the cubic phase due to the existence of PNRs with E(x, y) symmetry was observed by the intense first order
Raman scattering, in which the first order scattering is forbidden in the cubic Pm-3m symmetry. In the VH
Raman spectra, the remarkable field dependence of the Fano resonance intensity in the cubic phase can be the
dynamical response of local polarizations to the electric field. The CP and TO, phonon intensities showed the
similar dependences on temperature, angular, and electric field. From these experimental results, it is concluded
that the origin of the Fano resonance in Li-doped KTN crystals is the coupling between the polarization fluctua-
tions of PNRs and the TO, phonon, both belong to the E(x, y) symmetry.

References
1. Keen, D. A. Perovskites take the lead in local structure analysis. IUCrJ 3, 8-9 (2016).
2. Chang, Y. C,, Wang, C,, Yin, S., Hoffman, R. C. & Mott, A. G. Giant electro-optic effect in nanodisordered KTN crystals. Opt. Lett.
38, 4574-4577 (2013).
3. Tian, H., Yao, B., Hu, C., Meng, X. & Zhou, Z. Impact of polar nanoregions on the quadratic electro-optic effect in
Ko.95Nag osTa, _ Nb,O; crystals near the Curie temperature. Appl. Phys. Express 7, 062601 (2014).
4. Li, Y, Li, J., Zhou, Z., Guo, R. & Bhalla, A. Frequency dependent electro-optic properties of potassium lithium tantalate niobate
single crystal. Ferroelectrics 425, 82-89 (2011).
5. Agranat, A., Hofmeister, R. & Yariv, A. Characterization of a new photorefractive material: K,_ L, T,_,N,. Opt. Lett. 17, 713-715
(1992).
6. Zhou, Z. et al. Piezoelectric properties of the lead-free K gsLig o5 T2 6;Nb 3005 single crystal. J. Phys. D: Appl. Phys. 42, 125405 (2009).
7. Hanske-Petitpierre, O., Yakoby, Y., Mustre De Leon, J., Stern, E. A. & Rehr, J. ]. Off-center displacement of the Nb ions below and
above the ferroelectric phase transition of KTa, o;Nby 09O5. Phys. Rev. B 44, 6700-6707 (1991).
8. Polinger, V. Off-center instability of Nb>* in KNbO; under ambient pressure. Chem. Phys. 459, 72-80 (2015).
9. Sokoloff, J. P, Chase, L. L. & Boatner, L. A. Low-frequency relaxation modes and structural disorder in KTa, _,N,O;. Phys. Rev. B41,
2398-2408 (1990).
10. Rahaman, M. M. et al. Relaxor-like dynamics of ferroelectric K(Ta,_,Nb,)O; crystals probed by inelastic light scattering. J. Appl.
Phys. 116, 074110 (2014).
11. Ohta, R, Zushi, J., Ariizumi, T. & Kojima, S. Order-disorder behaviour of ferroelectric phase transition of KTa, ,Nb O; probed by
Brillouin scattering. Appl. Phys. Lett. 98, 092909 (2011).
12. Dul’kin, E., Kojima, S. & Roth, M. Characteristic temperatures and field effect in KTa, _,Nb,O; relaxor crystals seen via acoustic
emission. Europhys. Lett. 97, 57004 (2012).
13. Svitelskiy, O. & Toulouse, J. Translational and rotational mode coupling in disordered ferroelectric KTa, _,Nb,O; studied by Raman
spectroscopy. J. Phys. Chem. Solids 64, 665-676 (2003).
14. Toulouse, J., DiAntonio, P, Vugmeister, B. E., Wang, X. M. & Knauss, L. A. Precursor effects and ferroelectric macroregions in
KTa_,Nb,O; and K Li,TaO;. Phys. Rev. Lett. 68, 232 (1992).
15. Kleemann, W,, Schifer, F. ]. & Rytz, D. Diffuse ferroelectric phase transition and long-range order of dilute KTa, ,Nb,O;. Phys. Rev.
Lett. 54,2038-2041 (1985).
16. Pashkin, A., Zelezny, V. & Petzelt, J. Infrared spectroscopy of KTa,  Nb,Oj crystals. J. Phys.: Condens. Matter 17, 1.265-1270 (2005).
17. Knauss, L. A., Wang, X. M. & Toulouse, J. Polarization-strain coupling in the mixed ferroelectric KTa,_,Nb,O;. Phys. Rev. B 52,
13261-13268 (1995).
18. Burns G. & Dacol E. H. Crystalline ferroelectric with glassy polarization behaviour. Phys. Rev. B 28, 2527-2530 (1987).
19. Cai, L., Toulouse, J., Harrier, L., Downing, R. G. & Boatner, L. A. Origin of the crossover between a freezing and a structural
transition at low concentration in the relaxor ferroelectric K, _,Li, TaO;. Phys. Rev. B 91, 134106 (2015).
20. Machado, R., Sepliarsky, M. & Stachiotti, M. G. Off-center impurities in a robust ferroelectric material: Case of Li in KNbO;. Phys.
Rev. B 86, 094118 (2012).
21. Rahaman, M. M., Imai, T., Kobayashi, J. & Kojima, S. Effect of Li-doping on polar-nanoregions in K(Ta, ,Nb,)O; single crystals. Jpn.
J. Appl. Phys. 54, 10NBO1 (2015).
22. Yacoby, Y. Defect induced fluctuations in the paraelectric phase of KTa, ¢,Nb, cO5. Z. Physik B 31, 275-282 (1978).
23. Fano, U. Effects of configuration interaction on intensities and phase shifts. Phys. Rev. 124, 1866 (1961)
24. Rousseau, D. L. & Porto, S. P. S. Auger-like resonant interference in Raman scattering from one- and two-phonon states of BaTiO;.
Phys. Rev. Lett. 20, 1354-1357 (1968).
25. Pinczuk, A., Burstein, E. & Ushioda, S. Raman scattering by polaritons in tetragonal BaTiOs. Solid State Commun. 7, 139-142
(1969).
26. Sirenko, A. A. et al. Observation of the first-order Raman scattering in SrTiOj; thin films. Phys. Rev. Lett. 82, 4500-4503 (1999).
27. Banerjee, S. et al. Observation of Fano asymmetry in Raman spectra of SrTiO; and Ca,Sr,_, TiO; perovskite nanocubes. Appl. Phys.
Lett. 89, 223130 (2006).
28. Wang, D. et al. Fano resonance and dipolar relaxation in lead-free relaxors. Nat. Commun. 5, 5100 (2014).
29. van Loosdrecht, P. H. M. et al. Raman study of the ferroelectric semiconductor Sn,P,Se,. Phys. Rev. B 48, 6014-6018 (1993).
30. Yoshino, S., Oohata, G. & Mizoguchi, K. Dynamical Fano-like interference between Rabi oscillations and coherent phonons in a
semiconductor microcavity system. Phys. Rev. Lett. 115, 157402 (2015).
31. Nilsen, W. G. & Skinner, J. G. Raman spectrum of potassium tantalate. . Chem. Phys. 48, 1413-1418 (1967).
32. Manlief, S. K. & Fan, H. Y. Raman spectrum of KTa, ¢)Nb 3,0;. Phys. Rev. B 5, 4046-4060 (1972).
33. Kugel, G. E., Fontana, M. D. & Kress, W. Latiice dynamics of KTa,_ Nb,Oj; solid solutions in the cubic phase. Phys. Rev. B 35,
813-820 (1987).
34. Kugel, G. E., Mesli, H., Fontana, M. D. & Rytz, D. Experimental and theoretical study of the Raman spectrum in KTa, _ Nb,O; solid
solutions. Phys. Rev. B 37, 5619-5628 (1988).

SCIENTIFICREPORTS | 6:23898 | DOI: 10.1038/srep23898 9



www.nature.com/scientificreports/

35. Triebwasser, S. Study of ferroelectric transitions of solid-solution single crystals of KNbO;-KTaOj;. Phys. Rev. 114, 63-71 (1959).

36. Rytz, D. & Scheel, H. J. Crystal growth of KTa,  Nb,O; (0 < x < 0.04) solid solution by a slow-cooling method. J. Cryst. Growth 59,
468-484 (1982).

37. Prater, R. L., Chase, L. L. & Boatner, L. A. Raman scattering studies of the effects of a symmetry-breaking impurity on the
ferroelectric phase transition in K;_,Li,Ta,_,Nb Os. Solid State Commun. 40, 697-701 (1981).

38. Toulouse, J., Jiang, E, Svitelskiy, O., Chen, W. & Ye, Z.-G. Temperature evolution of the relaxor dynamics in Pb(Zn,,sNb,,;)O5: A
critical Raman analysis. Phys. Rev. B 72, 184106 (2005).

39. Islam, M. S., Tsukada, S., Chen, W,, Ye, Z.-G. & Kojima, S. Role of dynamic polar nanoregions in heterovalent perovskite relaxor:
Inelastic light scattering study of ferroelectric Ti rich Pb(Zn,;;Nb,;;)O5-PbTiOs. J. Appl. Phys. 112, 114106 (2012).

40. Trodahl, H. J. et al. Raman spectroscopy of (K,Na)NbO; and (K,Na), _,Li,NbO;. Appl. Phys. Lett. 93, 262901 (2008).

41. Jeong, I.-K. et al. Direct observation of the formation of polar nanoregions in Pb(Mg,;Nb,,;)O; using neutron pair distribution
function analysis. Phys. Rev. Lett. 94, 147602 (2005).

42. Taniguchi, H., Itoh, M. & Fu, D. Raman scattering study of the soft mode in Pb(Mg,;Nb,,3)O;. J. Raman spectrosc. 42, 706-714
(2011).

43. Tian, H. et al. Dynamic response of polar nanoregions under an electric field in a paraelectric KTa, ¢;Nb, 3005 single crystal near the
para-ferroelctric phase boundary. Sci. Rep. 5, 13751 (2015).

44. Kim, T. H., Kojima, S. & Ko, J.-H. Electric field effects on the dielectric and acoustic anomalies of Pb[(Mg,;3Nb,3) 3Ty 17,1 O3 single
crystals studied by dielectric and Brillouin spectroscopies. Curr. Appl. Phys. 14, 1643-1648 (2014).

45. Matsumoto, K. & Kojima S. Electric field effect on uniaxial relaxor ferroelectric strontium barium niobate. Jpn. J. Appl. Phys. 54,
10NC04 (2015).

46. Klein, M. V. Light Scattering in Solids I (ed. Cardona, M.) 147 (Springer-Verlag, 1984).

47. Tomsen, C. Light Scattering in Solids VII (ed. Cardona, M. & Giintherodt, G.) 285 (Springer-Verlag, 1991).

Acknowledgements

The research was partly supported by the Marubun Research Promotion Foundation, the JSPS KAKENHI Grant
Numbers 26790040 90134204, and the Murata Science Foundation. The one of the authors wish to thank to Mr.
M. A. Helal for the support during experiments.

Author Contributions

M.M.R. and S.K. wrote the main manuscript text. T.I. and T.S. grew the single crystals. S.T. established
the measurement system for the angular dependent Raman scattering, and M.M.R. and S.T. measured the
temperature, angular, and field dependences of Raman scattering. All authors reviewed the manuscript and
contributed the discussion of the results.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Rahaman, M. M. et al. Fano resonance of Li-doped KTa,_,Nb,O; single crystals
studied by Raman scattering. Sci. Rep. 6, 23898; doi: 10.1038/srep23898 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

M o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:23898 | DOI: 10.1038/srep23898 10


http://creativecommons.org/licenses/by/4.0/

	Fano resonance of Li-doped KTa1−xNbxO3 single crystals studied by Raman scattering

	Methods

	Results

	Temperature dependence of Raman scattering spectra. 
	Angular dependence of Raman scattering spectra. 
	Electric field induced Raman scattering spectra. 

	Discussion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ A typical sketch of the experimental scattering geometry with a half-wave plate.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Reduced (a) ā(cc)a (VV) and (b) ā(bc)a (VH) Raman scattering spectra at some selected temperatures of the KLTN/0.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) The example of a fit of Raman spectrum using the equation (2).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ The temperature dependence of reduced intensity, I0, line shape parameter, q, and FWHM, ГTO2 of the Fano resonance in (a) VV and (b) VH scattering spectra of the KLTN/0.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ A schematic illustration of the coupling between slow-relaxing CP (a broad spectrum indicates continuum states) and TO2 phonon (a sharp spectrum indicates discrete state).
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Angular dependence of (a) VV and (b) VH Raman scattering spectra of the KLTN/0.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ (a) Electric field dependence of both VV (upper half) and VH (lower half) Raman spectra of the KLTN/0.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ The electric field dependence of the reduced intensity of the Fano resonance (upper half) and the CP (lower half) measured at 2 °C.



 
    
       
          application/pdf
          
             
                Fano resonance of Li-doped KTa1−xNbxO3 single crystals studied by Raman scattering
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23898
            
         
          
             
                M. M. Rahaman
                T. Imai
                T. Sakamoto
                S. Tsukada
                S. Kojima
            
         
          doi:10.1038/srep23898
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep23898
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep23898
            
         
      
       
          
          
          
             
                doi:10.1038/srep23898
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23898
            
         
          
          
      
       
       
          True
      
   




