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Abstract: This study investigated the optical properties and the interband transition of a ternary
[100]-oriented 6PSN-61PMN-33PT relaxor ferroelectric single crystal. Compared with the binary
[100]-oriented PMN-32PT crystal, the [100]-oriented 6PSN-61PMN-33PT crystal exhibited excellent
optical properties, including high transmittance, low refractive index, weak frequency dispersion,
and low reflection and absorption coefficients. All these differences can be attributed to the structural
changes of the 6PSN-61PMN-33PT crystal, such as its large lattice size and increased band gap.
The crystal’s transmittance was significantly improved after alternating current electric field poling
due to the increased domain size and the order domain structure. The largest transmittance for
the 6PSN-61PMN-33PT crystal was up to 66%. Our experimental results indicate that the ternary
6PSN-61PMN-33PT ferroelectric single crystal has great application potential in the optical field.

Keywords: PSN-PMN-PT ferroelectric crystals; optical properties; domain structure; band gap
energy; AC-poled

1. Introduction

Multifunctional materials with acoustic, optical, electrical, and magnetic properties
are considered the mainstream of the future development in the materials science field.
Ferroelectric crystals integrated with excellent optical and electrical properties have great
application prospect in advanced devices such as electro-optic switches, electro-optic
modulators, and light valves.

PbTiO3-based relaxor ferroelectric crystals such as (1-x)Pb(Mg1,3Nb; /3)O3—xPbTiO;3
(PMN-PT) with a composition near the morphotropic phase boundary (MPB) have attracted
a great deal of attention due to their remarkable electrical properties (dz3 ~ 2500 pC/N,
k33 ~ 95%, S ~ 1.7%) [1-5], which can be used in medical ultrasound probes, submarine
sonars, military sensors, etc. PMN-PT crystals were recently found to have excellent optical
properties, such as high light transmittance (70%) using an alternating current electric
field [2], high optical damage threshold (1 GW/ cm?) [6], remarkable linear electro-optic
coefficient (y = 112-175 pm/V) [7,8], and low half wave voltage (V = 230 V) [8], which
indicate the potential application of these crystals in the optical and nonlinear optical
fields. Unfortunately, the inferior thermal stability caused by their relatively low Curie
temperatures (Tc ~ 130-150 °C) and low rhombohedral to tetragonal phase transition
temperature (Tt ~ 60-90 °C) limits their applications at high temperatures [9,10].

To overcome these shortcomings and improve the Tc and the Tr—t, Pb(Scq /2Nbg /)O3
(PSN) was introduced into the PMN-PT because its Tc that is much quite higher than
that of PMN [11-16]. A relatively high phase transition temperature (Tc > 200 °C) has
been reported in PSN-PMN-PT single crystals at the MPB, with good piezoelectric d33
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(1260~1550 pC/N) [16]. On the other hand, the introduction of Sc3* into LiNbO; ferro-
electric crystal has been reported to increase the crystal’s optical damage-resistance prop-
erties [17]. Therefore, we speculate that ternary PSN-PMN-PT crystal will have higher
optical damage-resistance properties than PMN-PT crystal, indicating its potential ap-
plication prospect in the optical field. At present, most studies focus on these crystals’
electrical properties [11-16]. No study has yet focused on the optical properties of the
ternary PSN-PMN-PT crystal, which are detrimental to the design of optical devices and
the development of multifunctional materials.

This study investigates the optical properties and the interband transitions of a [100]-
oriented ternary 6PSN-61PMN-33PT crystal. The effects of the polarization method on the
optical transmittance are analyzed by domain configuration. The differences of the optical
properties between the [100]-oriented 6PSN-61PMN-33PT and the [100]-oriented PMN-
32PT are compared. The band gaps are calculated based on the optical spectra. Sellmeier
optical coefficients are determined by fitting the Wemple and DiDomenico (WDD) single
oscillator equation.

2. Materials and Methods

High-quality, large-size ternary 6Pb(Scq /2Nby /2)O3-61Pb(Mg; /3Nb; /3)O03-33PbTiO3
(6PSN-61PMN-33PT) and binary 68Pb(Mg; /;3Nb; /3)03-32PbTiO3 (68PMN-32PT) crystals
(Figure 1) were grown using the Bridgman technique. High-purity PbO (99.99%), MgO
(99.99%), NbyOs5 (99.99%), Scy03 (99.99%), and TiO;(99.99%) powders were used as the
starting materials. ScNbO, (SN) and MgNb,Og (MN) were first synthesized as precursors.
Subsequently, SN, MN, TiO,, and PbO were weighed as the stoichiometric ratio and mixed
together. The powders were pressed into a Pt crucible with a Pt lid. The Pt crucible was
then put into an Al,O3 crucible and placed in the Bridgman crystal growth equipment.
After the crystal growth, the crystal was separated by stripping the Pt crucible.

(b)

Figure 1. Crystal grown using the Bridgman technique: nominal compositions of (a) 6PSN-61PMN-
33PT and (b) PMN-32PT.

Laue diffraction was used to analyze the crystal orientation. Two crystals were cut into
the slices of 5 x 5 x 0.8 mm? perpendicular to the [100] direction. The crystalline structure
was examined by X-ray diffraction (XRD, Bruker D2 focus). For the optical measurements,
the 740 um-thick specimens were polished using diamond-polishing compounds. The
samples were then annealed to remove the residual stress derived from the polishing
process (350 °C, 30 min).

The room-temperature optical transmission and absorption coefficient spectra of the
[100]-oriented 6PSN-61PMN-33PT and PMN-32PT single crystals were measured in the
wavelength range of 200-2500 nm through a UV-Vis-NIR spectrophotometer (Agilent,
Cary 5000, NM, USA). The refraction parameters were tested using a spectroscopic ellip-
someter (SE-VM, Eoptics, Wuhan, China) in the wavelength range of 380-1000 nm. The
incident light angle was 65° during the measurement process. Silver paste was used to
cover both sides of the (100) crystal face to load the external electric field on the single
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crystals. The samples were dried at 70 °C for 20 min to ensure good electrical conductiv-
ity. The crystal samples were then poled at room-temperature for 15 min under a direct
current electric field (20 kV/cm) and an alternating current electric field with a triangular
waveform at 20 kV/cm and 5 Hz. The domain configurations were observed using a
polarized light microscope (PLM, LEICADM2500P+7HMS, Leica, Germany) after the silver
electrodes were removed using acetone.

3. Results and Discussions

The single crystal orientation has an effect on the optical properties due to various
domain structures. Figure 2a,c shows the XRD pattern of the 6PSN-61PMN-33PT and
68PMN-32PT square slices. Only two diffraction peaks of (100) and (200) at 22° and
45° were obtained, indicating that the orientation of the two square slices was the [100]
direction. We performed powder XRD to prove whether or not the two crystals were of
perovskite structure (Figure 2b,d). As compared to Pb(Mg;,3Nb;/3)O3 (PDF#81-0861),
standard perovskite structure peaks were obtained, indicating that the selected samples
were of pure perovskite structure without any pyrochlore phase. Compared to those
shown in Figure 2d, the diffraction peaks in Figure 2b slightly shifted towards a low angle,
suggesting an increase of the lattice size in the 6PSN-61PMN-33PT crystals, which can be
attributed to the large-ion Sc3* (rjon = 0.0745 nm) occupying the B-site to substitute the
small-ion Mg?* (rjon = 0.072 nm) and Nb** (rjo, = 0.064 nm). Crystal lattice parameters
(a=b=c=4.0257 A for 6PSN-61PMN-33PT, and a = b = ¢ = 4.0226 A for PMN-32PT)
calculated by the software Jade further certify the increase of lattice size.
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Figure 2. XRD diffraction patterns of crystals: (a) [100]-oriented 6PSN-61PMN-33PT; (b) powder X-ray diffraction patterns
of 6PSN-61PMN-33PT and (c) [100]-oriented 68PMN-32PT; and (d) powder X-ray diffraction of 68PMN-32PT.

Excellent transmittance is a key factor in nonlinear optical materials. Figure 3 shows
the transmittance spectra of the [100]-oriented 6PSN-61PMN-33PT and PMN-32PT crystals
at different poled states, including the alternate current electric field-poled (AC-poled)
state, direct current electric field-poled (DC-poled) state, and green state (unpoled) to
explore the effects of the polarization process on the optical properties. All samples were
transparent in the visible light and near-infrared regions in the wavelength range from
450 to 2500 nm. However, the transmittance rapidly decreased near 400 nm, showing an
optical absorption edge in the ultraviolet region. The inset in Figure 3 shows the amplified
plot of the transmittance spectra near the optical absorption edge. The wavelength of
the absorption edge of the 6PSN-61PMN-33PT crystal was smaller than that of the binary
PMN-32PT crystals, indicating a slight blue shift in the maximum absorption. The crystal
transmittance after the AC poling sharply increased in the visible light region and obtained
large values compared with the unpoled and DC-poled samples. In particular, for the [100]-
oriented 6PSN-61PMN-33PT crystal, the highest transmittance of approximately 63% in the
visible light range was obtained after the AC poling along the [100] direction. This value
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was higher than that of the DC-poled (<50%) and unpoled (<37%) samples. These results
provide an effective means of optimizing the optical performance of the ferroelectric crystal.

100
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Figure 3. Transmittance spectra of the [100]-oriented 6PSN-61PMN-33PT and [100]-oriented PMN-
32PT single crystals at different poled states (inset: enlarged version).

For ferroelectrics, the domain wall scattering is another main factor of the optical
loss, except for the optical band gap [2,8]. Figure 4a—c shows the domain structure of
the [100]-oriented 6PSN-61PMN-33PT crystal pretreated by different electric fields. For
the unpoled sample (Figure 4a), most of the domains showed blurred margins and dis-
continuities, except for a few tiny domain bands, indicating a large domain wall density
caused by the relatively small domain size. After the crystal was poled using the DC
electric field, the domain size increased and the discontinuous domains showed an obvious
decrease (Figure 4b). According to a previous report by Liu [18], this is a typical ‘4R’ engi-
neering domain configuration with 71° and 109° domain walls. For the AC-poled sample
in Figure 4c, the domain configuration underwent amazing changes. The domain walls
almost disappeared, suggesting the emergence of a monodomain state. Our experimental
results are consistent with the theorical calculation results reported by Xu et al. [2,3,18,19].
Therefore, we propose that the decrease of domain walls density and ordered domain
structure is beneficial to improve the crystal transmittance.

Figure 4. Cont.



Crystals 2021, 11, 955

50f 10

Figure 4. Domain morphology of the [100]-oriented 6PSN-61PMN-33PT (a) unpoled, (b) DC-poled,
and (c) AC-poled crystals.

The refractive index is an important factor for material applications in the optical
field. Figure 5 depicts the refractive indices of the [100]-oriented 6PSN-61PMN-33PT and
PMN-32PT single crystals. Similar to those in most ABOs-type perovskite compounds,
the significant dispersion relationship and the rapid decrease of the refractive index with
increasing wavelength from 375 nm to 1000 nm are presented in Figure 5a,b, indicating
normal dispersion characteristics [20]. The ternary [100]-oriented 6PSN-61PMN-33PT
crystal showed a smaller refractive index (n = 2.85-2.6) than PMN-32PT (n = 3.05-2.63)
in the low wavelength range from 375 nm to 600 nm. This result indicates that the light
with a wavelength between 375 nm and 600 nm had a higher propagation speed in the
6PSN-61PMN-33PT crystal than in the PMN-32PT crystal. Upon further increasing the
wavelength above 600 nm, the refractive index values of both crystals gradually tended to
become similar. In the same wavelength range, the change in the refractive index in the
6PSN-61PMN-33PT crystal was smaller than that in the PMN-32PT crystal. This shows the
weaker dispersion in the 6PSN-61PMN-33PT crystal compared to that in the PMN-32PT
crystal, which is conducive for improving the image quality.

ra - _
30 (a) o PSN-PMN-PT

i
26

2.4}
3.0

2.8
2.6

2. 4 1 1 1 1 L 1 1 1 1
300 450 600 750 900 1050
Wavelength (nm)

Figure 5. Wavelength dependence of the refractive index at room temperature for the (a) [100]-
oriented 6PSN-61PMN-33PT and (b) [100]-oriented PMN-32PT single crystals.

For ferroelectrics with a perovskite structure, lattice dynamical theories indicate that
the optical properties are mainly determined by the coupling of the d orbits in the B-site
cation and the 2p orbits in the O anions related to each BOg octahedron [21], suggesting that
the BOg octahedron plays a dominant role in the refractive index behavior in perovskite
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structure ferroelectrics. Based on the results in Figure 2, we propose that the decrease of the
refractive indices in the ternary 6PSN-61PMN-33PT crystals are related to the expansion of
the BOg oxygen octahedron because the Sc3* (rjon = 0.0745 nm) ions enter into the B-site to
replace the Mg?* (rjon = 0.072 nm) and Nb®* (r;0, = 0.064 nm) ions [20,22].

Most ferroelectrics with oxygen octahedron as the basic structural unit are well known
to have similar optical properties. Wemple and DiDomenico (WDD) introduced the single-
oscillator dispersion model to study the relationship between the internal structure and the
optical properties [23-25]:

SoA2 E.E
2_q_ 00 _ dko 1
" - 22/2%) (-2 @

where 1, Ag, So, Eo, Eq, A, and E are the refractive index, average oscillator position, average
oscillator strength of the dipole oscillator, oscillator energy, dispersion energy, wavelength,
and energy of the incident light, respectively. The oscillator energy Ey is directly related
to the energy band gap of the material. The dispersion energy Ej is closely related to
the structural order of the material. The parameters in Equation (1) can be obtained by
plotting (n2 — 1)~! versus A2 and E?, as shown in Figure 6. The perfect linear relationship
in Figure 6 shows that it is reasonable to use the WDD dispersion model to study the
6PSN-61PMN-33PT and PMN-32PT ferroelectric crystals. Table 1 lists the calculated values
of the Sellmeier optical coefficients for the 6PSN-61PMN-33PT and PMN-32PT crystals. E
and Eq of the PMN-32PT crystal were 5.6038 eV and 28.0141 eV, respectively. For the 6PSN-
61PMN-33PT crystal, Ey was 5.8288 eV, and E4 was 29.0784 eV, respectively. Our results are
similar to those of the other PT-based materials with a ABO; perovskite structure [26-28].

The Ey is considered the energy difference between the centers of gravity of the valence
and conduction bands [29]. It is related to the direct bandgap Eg4, and a large bandgap Egq
corresponds to a large Ey. E4 is associated with the change in the chemical and structural
order of a material, and a large order structure corresponds to a large E4. Compared
with the PMN-32PT, the 6PSN-61PMN-33PT crystal showed larger Ey and E4 values (see
Table 1). Therefore, we suggest that the 6PSN-61PMN-33PT crystal had a larger band gap
and structure order than the PMIN-32PT crystal [20,21].

0.21 021
o PSN-PMN-PT o PSN-PMN.PT
- 0.18 Linear fitting - o048l Linear fitting
- o
NI NI
o5 o015t
0.20 0.20
o PMN-PT O PMN-PT
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= =
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S04} o4t
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Figure 6. Dependence of (2 — 1)~  on E2 and (12 — 1)~ on A~2 for the 6PSN-61PMN-33PT and
PMN-32PT single crystals.
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Table 1. WDD optical parameters of the Pb-based ferroelectric single crystals at room temperature.

Composition So 10¥ m—2) Ay (um) Eg (eV) Eq (eV) Ref.
6PSN-61PMN-33PT 0.9960 0.2238 5.8288 29.0784 This work
68PMN-32PT 0.9234 0.2330 5.6038 28.0141 This work
PZN-4.5%PT 0.8 0.227 5.46 22.52 [26]
24PIN-43PMN-33PT 1.047 0.206 6.032 29.34 [27]
Mn-15PIN-57PMN-28PT 1.178 0.215 6.06 28.73 [28]

Figure 7 shows the change in optical absorption coefficient « of the 6PSN-61PMN-
33PT and PMN-32PT crystals as a function of the wavelength. A sharp absorption was
observed near 500 nm, which can be interpreted by the mechanism of the band-to-band
transition. Compared to that of the binary PMN-32PT crystal, the absorption wavelength
of the ternary 6PSN-61PMN-33PT crystal was lower, indicating a larger optical band gap.
In addition, the 6PSN-61PMN-33PT crystal showed a smaller light absorption (marked in
ellipse) in the visible light region compared to the PMN-32PT crystal. The inset of Figure 7
shows the change in the reflection R as a function of the wavelength. R is calculated by
Equation (2) under normal incidence,

11—12
R~y ?

where the 7 is the refractive index. The R of the PMN-32PT crystal was higher than that
of the 6PSN-61PMN-33PT crystal with the wavelength increasing from 350 nm to 1000

nm. This result indicates a larger optical loss in the PMN-32PT crystal compared to the
6PSN-61PMN-33PT crystal.
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Figure 7. Optical absorption coefficient and reflectance (inset) of the 6PSN-61PMN-33PT and PMN-
32PT crystals as a function of the wavelength.

Near the basic absorption edge, the absorption coefficient of the electron band-to-band
transitions follows the following law [30]:

w o< (hv — Eg)" ®3)

where hv is the photon energy; E is the allowed optical energy gap; and m is the exponent
characterizing the optical transition mechanism. In the allowed direct transition, m =1/2,
and the valence band transits vertically to the conduction band only under the action
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of photons. In the indirect transition, m = 2, the electrons transit from the top of the
valence band to the bottom of the conduction band with the participation of photons and
suitable phonons.

The photon energy dependence of (ahv)? and (ahv)!/? for the [100]-oriented 6PSN-
61PMN-33PT and PMN-32PT single crystals is shown in Figure 8a,b to investigate the
absorption characteristics of the relaxor PT-based ferroelectric single crystal. The direct
band gap energy (Egq) of the samples was determined by extrapolating the linear portion
of the curve to zero. The Egq of the 6PSN-61PMN-33PT single crystal (i.e., 3.22 eV) was
higher than that of the PMN-32PT single crystal (i.e., 3.18 eV), which is in agreement with
the results shown in Figure 3. For the indirect band gap energy (Eg;), Equation (3) becomes

a o (ho — Eg; £ Ep)® 4)
Eg1 =Egi + Ep )
EgZ = Egi - Ep (6)

where Eg; is the indirect band gap energy, and Ej, is the phonon energy. The Eg; and
Eg» values were obtained by extrapolating (ahv)/? versus hucurves to zero (Figure 8b).
Therefore, the indirect band gap energy Eg = 1/2(Eg1 + Eg) and the phonon energy
Ep =1/2(Eg1 — Eg) could be obtained. Table 2 lists the direct band gap Egq = 3.2228 €V,
indirect band gap Eg; = 3.066 €V, and phonon energy E, = 0.0697 eV for the 6PSN-61PMN-
33PT single crystal; and Egd =3.1838 eV, Egi=2.952¢V, and E, =0.0913 eV for the PMN-32PT
single crystal. The 6PSN-61PMN-33PT crystal evidently showed a larger direct bandgap
energy and indirect bandgap energy compared to the PMN-32PT crystal, which may lead
to differences in their optical properties. Our results are similar to the PZN-7PT and
24PIN-43PMN-33PT crystals in [27,31].

6-0 ' 15 J
(a) ) ®) PSN-PMN-PT -
o PSN-PMN-PT ; fﬁ
—~ & PMN-PT hicd & PMN-PT fé)f
o 45 | | .
% 3
: g 9
| -
3 13 : _
I "{t{:@ °
6 5&@?&{@@;@; r |
0.0 & TR L o - |
220 2.70 2.95 3.20 3.45 28 2.9 3.0 3.1 32 =
Photon energy (eV) Photon energy(eV)

Figure 8. (a) (whv)? versus hv of the 6PSN-61PMN-33PT and PMN-32PT single crystals. (b) (ehv)1/2 versus hv of the
6PSN-61PMN-33PT and 68PMN-32PT single crystals.

Table 2. Values of the direct band gap Egq, indirect band gap E

single crystals.

gi» and energy of the phonon E;, for the PT-based ferroelectric

Composition Egq (eV) Egy (eV) Eg (eV) Egi (eV) E, (eV) Ref.
PSN-PMN-PT 3.2228 3.1357 2.9963 3.0660 0.0697 This work
PMN-PT 3.1838 3.0438 2.8611 2.9524 0.0913 This work

PZN-7PT 3.144 3.012 2.817 2.915 0.097 [31]

24PIN-43PMN-33PT 3.115 - - - - [27]
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4. Conclusions

This study systematically investigated the optical properties and band gap of [100]-
oriented 6PSN-61PMN-33PT and PMN-32PT relaxor-based ferroelectric single crystals
using the transmission spectra, refractive indices, WDD single-oscillator dispersion rela-
tion, and Tauc law. Consequently, the 6PSN-61PMN-33PT crystal showed superior optical
properties, such as high transmittance, low refractive index, low reflection coefficient, and
low light absorption compared to the 68PMN-32PT crystal. This outstanding performance
makes the 6PSN-61PMN-33PT crystal a candidate optical material. The optical properties
of a crystal can be controlled by the polarization process. The improvement in the trans-
mittance through AC poling was more obvious than that in the DC polarization, which is
related to the increased domain size and the order domain structure. The 6PSN-61PMN-
33PT crystal showed an enlarged lattice size, a larger bandgap energy, and structure order
compared to the PMN-32PT crystal, leading to differences in their optical properties.
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