
Photoluminescence study on polar
nanoregions and structural variations in

Pb(Mg1/3Nb2/3)O3-PbTiO3 single
crystals

X. L. Zhang,1 J. J. Zhu,1 J. Z. Zhang, 1 G. S. Xu,2

Z. G. Hu,1,∗ and J. H. Chu 1

1Key Laboratory of Polar Materials and Devices, Ministry of Education, Department of
Electronic Engineering, East China Normal University, Shanghai 200241, China

2R&D Center of Synthetic Crystals, Shanghai Institute of Ceramics, Chinese Academy of
Sciences, Shanghai 201800, China

∗zghu@ee.ecnu.edu.cn

Abstract: We report polar nanostructure and electronic transitions in
relaxor ferroelectric Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) single crystals
around morphotropic phase boundary (MPB) region by variable-temperature
(80-800 K) photoluminescence (PL) spectra and low-wavenumber Raman
scattering (LWRS). The discontinuous evolution from peak positions and
intensity of luminescence emissions can be corresponding to formation of
polar nanoclusters and phase transitions. Six emissions have been derived
from PL spectra and show obvious characteristics near phase transition
temperatures, which indicates that PL spectral measurement is promising
in understanding the microcosmic mechanism. The Raman mode at 1145
cm−1 indicates that temperature dependent luminescence phenomena can
be modulated by thermal quenching.
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1. Introduction

Relaxor ferroelectrics have been a focus of intense attention in recent years because they pos-
sess a strong piezoelectric effect, a high permittivity over a broad temperature range, and
unique dielectric response with strong frequency dispersion. These materials can be applied
in tunable capacitors, actuators, and electro-optic devices [1–6]. As one of the representatives,
Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) single crystal has a high dielectric permittivity and at-
tracts intensive research [7]. It occupies a variety of structures with various compositions and
temperatures [8–10]. Initially, excellent dielectric permittivities are attributed to the composi-
tional fluctuations throughout the material. The fluctuation phenomena lead to the existence of
small micro-regions with different compositions. Therefore, a distribution of local ferroelec-
tric transition temperatures (Curie temperature, Tc) is responsible for the broad diffuse phase
transitions [11]. These micro-regions are discovered as polar nanoregions (PNRs), which form
spherical or elliptic clusters in a nonpolar matrix at Burns temperature (Tb). Their sizes can in-
crease due to interactions of the PNRs on cooling until the Vogel-Fulcher freezing temperature
(T f ) [12]. The dielectric response of relaxor ferroelectric materials was viewed as the relaxation
of these polar clusters over a wide temperature and frequency range. The relaxation dynamics
of polar clusters reveal a non-Arrhenius behavior [13]. Recently, intense optical measurements
have been carried out to understand structural transitions at low temperatures for PMN-PT and
its related system, e.g., transmittance spectra, spectroscopic ellipsometry and Raman scatte-
ring [14–17]. These techniques are nondestructive and efficient ways to detect phase transitions.
However, nanosized clusters, which lead to the broadening peaks from spectral measurements,
especially from Raman scattering, become an obstacle to detect phase transitions. Moreover,
the fraction of such clusters is so low that x-ray diffraction (XRD) is also difficult to detect
them [18,19]. It is natural to ask how to avoid the effects from nanostructures in distinguishing
phase transitions for the above spectra. Therefore, a desired technique, which is sensitive to
both evolution of nanostructures and phase transitions, is urgent as an aid for the above spectral
measurements.

Following the above considerations, temperature dependence of photoluminescence (PL)
spectra and low-wavenumber Raman scattering (LWRS) for PMN-0.24PT and PMN-0.33PT
single crystals have been carried out. PL measurement is a common means in understand-
ing band-band excitations. In recent years, it appears to be a reliable experimental technique
to probe phase transitions in materials and also sensitive to the evolution of polar nanoclus-
ters [11,20–22]. Unfortunately, there are few reports on PL spectra of PMN-PT single crystals,
especially near morphotropic phase boundary (MPB). The unique advantage makes PL de-
sirable, not only for potential application in optoelectronic devices, but also to answer basic
questions on relationship between microcosmic mechanism and macroscopical phenomena in
relaxor ferroelectric crystals. Moreover, with mutual verification of these optical measurement,
a complete judgement will be established and applied in depth understanding of ferroelectric
oxides by a nondestructive way.

In this Letter, temperature dependent intensities and positions of PL spectra for PMN-PT
crystals have been observed. We demonstrate that these phenomena can be readily accounted
for ferroelectric order. Moreover, the LWRS modes indicate a hypothesis of the cores-hell
nanostructure with a 1 : 1 ordered negatively charged nanocore surrounded by a positively
charged nanoshell.

2. Experimental

The PMN-xPT single crystals were prepared using a vertical Bridgman technique with the PT
compositions of x=0.24 and 0.33. The samples are cut perpendicular along the <001> direction
[23]. PL spectra were carried out by a Jobin-Yvon LabRAM HR 800 UV spectrometer with a
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He-Cd laser as the excited light, which is operated at the wavelength of 325 nm (3.82 eV). Low-
wavenumber Raman scattering (LWRS) were recorded with the same spectrometer using a 633
nm line of a He-Ne laser as the exciting source. The scattering data were recorded from 80 to
600 K by a Linkam THMSE 600 heating/cooling stage with the set-point stability of better than
1 K. The laser beam was focused through a 50× microscope with a working distance of 18 mm.
An air-cooled charge coupled device (CCD) (-70 ◦C) with a 1024×256 pixels front illuminated
chip was used to collect the scattered signal dispersed on 1800 grooves/mm grating [24, 25].
Note that no mathematical smoothing has been performed on the experimental data. Peaks of
the bare spectra are assigned by using the supporting software NGSLabSpec designed by Jobin-
Yvon. The Gauss-Lorentz fitting is applied for further analysis. The expression can be written
as:

y = a{gexp[
−(x− p)2

w2 ]+ (1−g)/[1+
4(x− p)2

w2 ]}. (1)

Here, x and y are the coordinates of fitting points. a, g, p, and w are the fitting parameters.

Fig. 1. Temperature dependence of PL spectra for (a) PMN-0.33PT and (b) PMN-0.24PT
crystals, respectively. Temperature dependence for peak positions and intensity of (c), (d)
PMN-0.33PT and (e), (f) PMN-0.24PT crystals, respectively.
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3. Experimental results

3.1. Variations of position and intensity of bare PL spectra with temperature

Figure 1 shows the PL spectra of PMN-0.24PT and PMN-0.33PT crystals from 350 nm to 1500
nm (0.83-3.55 eV) in the temperature range of 80-600 K. Four peaks (a, b, c, and d) can be ob-
served. The variations of positions and intensities with temperature for all bands are shown in
Fig. 1(c)–1(f), respectively. In PL spectroscopy, the photon emitted upon recombination corre-
sponds to transitions between the valence and conduction bands or other interbands in bandgap,
which is hence lower than the bandgap. The emission at 425 nm (peak a) can be ascribed to
the bandgap energy [15]. It takes a positive trend with temperature which indicates a negative
band gap narrowing trend. This negative band gap narrowing trend is usually explained by two
factors: thermal expansion of the lattice, and renormalization of the band structure by electron-
phonon interaction. The strongest PL emission around 510 nm overlaps with the absorption
maximum detected by transmittance spectral measurement [15]. It suggests that the excitation
with energy larger than the bandgap creates electron-hole pairs, which get trapped at states in
bandgap leaving such centers in electronically excited state. These pairs produce strong PL
emissions as they converted into the ground state [26]. As can be seen in Fig. 1(a) and 1(b),
the peaks are quite sharp at low temperature and become broadening with increasing tempera-
ture. At the same time, the peak intensity of PMN-0.33PT keeps decreasing with increasing
temperature, as shown in Fig. 1(d). However, in Fig. 1(f), the peak intensity of PMN-0.24PT
takes a decreasing trend below 200 K, upon 230 K and an increasing trend between 200 K and
230 K. The phase transition at Tc (∼250 K) of PMN-0.24PT leads to the abnormal phenomena.
Abnormal trend between 200 K and 230 K indicates an intermediate phase (Monoclinic). Note
that the PL peak of PMN-0.33PT does not present such significantly abnormal trend. As we
know, PL spectra can be related to local polar structures with different symmetry. These peaks
are activated by the broken translational symmetry. The intensity is connected with the size of
polar nanoclusters and dynamic interactions with local random fields. The PMN-0.33PT, which
is near MPB region, is not conducive to produce large polar nanoclusters, while these clusters
are more likely to appear in PMN-0.24PT, where only pure phase exists. Therefore, we can see
apparent changing process of polar nanoclusters for PMN-0.24PT. The slightly abnormal trend
in temperature from 200 to 230 K for PMN-0.33PT comes from the transition from monoclinic
phase to tetragonal phase [15]. Niobium (Nb) ion in PMN-PT is responsible for the formation
of polar nanoclusters [20] and NbO6 octahedron is the luminescent center in the perovskitelike
niobates [27, 28]. It suggests that the disappearance of the significant temperature dependence
from peaks b and c can be attributed to the Nb site centers, which lead to either the growing
and merging of polar clusters or the structural phase transition in the material. Position of peak
d consists well with the energy from oxygen vacancies to conduct band. Also its behaviors are
very similar to oxygen defects, which can induce photoluminescence emission. So we can de-
termine that peak d is caused by oxygen defects. As we know, there is a few defects in single
crystals. This is why peak d is so weak and does not behave significant abnormal behavior, as
compared to other peaks.

3.2. Nanocluster exiting in PMN-PT confirmed by LWRS

Figure 2 shows the Stokes and anti-Stokes Raman spectra in the low-wavenumber range from
-25 to 25 cm−1 for PMN-0.24PT and PMN-0.33PT crystals. The Stokes spectra show one
peak (20 cm−1) for PMN-0.24PT and three peaks (14, 17, and 19 cm−1) for PMN-0.33PT.
The anti-Stokes spectra show three peaks (-23, -18, and -13 cm−1) from PMN-0.24PT and
four peaks (-23, -18, -16, and -13 cm−1) from PMN-0.33PT. All peaks are derived from the
elastic vibrations by nanocluster itself, which correspond to torsional and spheroidal modes of
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Fig. 2. (a) Anti-Stokes and (b) Stokes Raman spectra for PMN-0.24PT crystal. (c) Anti-
Stokes and (d) Stokes Raman spectra of PMN-0.33PT crystal. Note that PMN-0.33PT
crystal has more modes under both Anti-Stokes and Stokes configurations.

vibrations of spherical and/or ellipsoidal clusters [11]. These low wavenumber modes confirm
polar nanoclusters in PMN-PT and indicate a hypothesis of the coreshell nanostructure with a
1 : 1 ordered negatively charged nanocore surrounded by a positively charged nanoshell [29].
The lower wavenumber modes (|wavenumber|<15 cm−1) are derived from the outer interface,
while the higher wavenumber modes (|wavenumber|> 15 cm−1) arise from the inner interface
[11]. Note that more LWRS modes appear in PMN-0.33PT, as compared to those in PMN-
0.24PT. Number of these low wavenumber Raman modes is corresponding to the diversity of
nanostructure size. Note that PMN-0.33PT is near MPB region with the coexistence of multiple
phases. These multiple phases lead to a high disorder degree in the lattice. The distortion results
in more peaks in both Stokes and anti-Stokes configurations because the phonon modes with
particular frequency would be detected in nanostructures with the same size.

3.3. Polar nanoregions and structural variations

The above results imply that the PL emissions are sensitive to environmental changing in PMN-
PT crystals. To further analyze temperature dependent phase transitions and nanostructures, the
PL spectra should be well fitted. Figure 3 displays the experimental and best-fitting PL spectral
data at 80 K for PMN-0.33PT crystal. Six emission peaks can be found as shown in Fig. 4.
They are labeled as Ea, Eb, Ec, Ed , Ee, and E f , in the order of decreasing photon energy,
respectively. Note that two more peaks can be assigned between 1.5 to 2.5 eV when compared
to bare spectra in Fig. 1 in order to increase degree of data point matching. The parameter Ea

is from interband energy between bottom of the conduction band and top of the valence band
as its energy is similar to bandgap energy of PMN-PT [15]. It shows two slope changes at 120
and 160 K (shaded regions in Fig. 4) with the rapid intensity decreasing from PMN-0.24PT
and PMN-0.33PT crystals, respectively. The similar features are presented in emission peaks
Eb, Ec, Ed , Ee, and E f . These emissions are originated from bound states within the bandgap.
They also show significant changes in low temperature regions. The correlation length of polar
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Fig. 3. Deconvolution of the PL spectra (solid line) for PMN-0.33PT crystal at 80 K (dotted
line). The peak positions of six PL emissions are located at 2.99, 2.32, 2.14, 1.95, 1.80, and
0.93 eV, respectively. The letters a-f label these emissions in the order of decreasing the
photon energy, respectively.

nanoclusters increases with decreasing temperature. The evolution of large size nanoclusters
leads to the sudden change. Another powerful evidence can support the conclusion that the slope
in low temperature region is larger in PMN-0.24PT than that in PMN-0.33PT. As we know,
pure phase is conducive for the variation of polar nanoclusters while the multiphases in MPB
region could weaken the evolution. This is consistent well with the variation in low temperature
regions. Phase transitions also affect the PL emissions, especially the lower energy emissions
Ed , Ee, and E f . Transition from MPB to the T (tetragonal) phase (MPB-T phase transition)
and transition from the T phase to C (cubic) phase (T-C phase transition) are relatively easier
to be detected by PL spectra with distinct discontinuous at each phase transition temperature
(dashed lines in Fig. 4). Discernable decline of Ea and Ec and jumps of Ed , Ee, and E f can
be ascribed to the MPB-T phase transition at 240 K. An increasing step of Ea and Ec and a
decreasing step of Ed , Ee, and E f are observed at T-C phase transition temperature (300 K).
The R-C (rhombohedral-cubic) phase transition can be identified from an increasing trend to
constant of Eb and Ed in Fig. 4(c) and 4(g). Note that the intermediate phase (monoclinic) in
PMN-0.24PT, which is sensitive to intensity of PL spectra, does not lead to significant changes
in these emissions except for Ed .

These emissions are modulated by structure transformation, including not only phase tran-
sitions but also nanostructure evolution. It has been widely accepted that PNRs can drive the
ferroelectricity [12]. The driven process can be divided into two steps with increasing tem-
perature: (1) Scattered and large nanostructures combined into PNRs. Different symmetries of
nanostructures lead to different surface charges. These charges initiate selective combination
and form polar nanoclusters. (2) When the fraction of these clusters with different symmetries
reached a critical point, macroscopic phase transitions are driven. The variations below 200 K
indicate the process in step one. Temperature dependent Raman spectra and XRD patterns in
Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 crystals reveal the multiphase coexistences at
200 K [16]. The multiphase is essentially composed of nanoclusters with different symmetries.
It confirms a powerful testifying of PL spectra in characterizing phase transitions.

Generally, polar nanoclusters should dissolve above the Burns temperature (Tb ∼ 550 K) in
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Fig. 4. Temperature dependence of well-fitted PL emissions Ea, Eb, Ec, Ed , Ee, and E f
for (a), (c), (e), (g), (i), (k) PMN-0.24PT crystal and (b), (d), (f), (h), (j), (l) PMN-0.33PT
crystal, respectively. Note that the symbol “∗” marks the inflection point at 700 K and the
solid lines are guides for eyes. The shaded parts indicate low temperature phase (R or MPB)
regions.

PMN-PT and its related systems [12,30]. That means the PL emissions should remain constant
or show a linear behavior above Tb, where only pure phase (C phase) exists without nanos-
tructure. However, significant inflection points in Ed , Ee, and E f are found at 700 K from both
PMN-0.24PT and PMN-0.33PT. It indicates the core-shell nanostructure with more thermal sta-
bility. This nanostructure is formed with a 1 : 1 ordered negatively charged nanocore surrounded
by a positively charged nanoshell, which was proposed previously in this related systems [11].
It is reasonable to infer that the core-shell nanostructure leads to these inflection points at 700
K because the core-shell nanostructure can resist higher temperature and exist even above Tb.

3.4. Thermal quenching of PL emissions

Thermal quenching of PL emissions is usually found in Nb-doped ABO3 relaxor ferroelectrics,
which is attributed to the recombination through a non-radiative channel or the polar nanoclus-
ters. The observation of peak b in Fig. 1 has a strong resemblance with thermal quenching
reported in Nb-doped BaTiO3 and pure PMN [11, 31]. The expression for thermal quenching
can be written as:

I =
1

A+Bexp(−Etq/kT )
. (2)

Here, I is the intensity of PL spectra. T is the temperature and k is Boltzmann constant. A
and B are constants [32]. The above expression gives an activation energy (Etq) of 143 meV
(1154 cm−1) for pure PMN polycrystalline [20]. To confirm the phonon presence in PMN-PT
single crystal, Raman scattering measurements have been carried out. As can be seen in Fig. 5,
a mode at about 141.9 meV (1145 cm−1) can be clearly observed. The slight difference of the
activation energy between PMN and PMN-PT is due to different lattice with the introduction
of Ti. Nevertheless, the mode is very weak, which indicates that it is a defect-induced Raman
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Fig. 5. Raman spectra for PMN-0.24PT and PMN-0.33PT crystals recorded at room tem-
perature. The inset shows an enlarged region near the phonon mode of 1145 cm−1.

mode in the polar nanoclusters. This recombination through a non-radiative channel leads to
thermal quenching of emission peak b in PMN-PT single crystals.

4. Conclusions

In summary, temperature and composition dependences of interband emissions and nanostruc-
ture of PMN-PT single crystals have been investigated using PL spectral measurement and
low-wavenumber Raman scattering. Discontinuous evolution of position and intensity from PL
emissions can be clearly identified and attributed to phase transitions and dissolving of polar
nanostructures in PMN-PT. The Raman mode of 1145 cm−1 indicates that PL phenomenon can
be modulated by thermal quenching.
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