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Phase-modulated ellipsometry was applied to measure changes in the refractive index of pure and ruthenium
(Ru)-doped 0.9Pb (Zn1/3Nb2/3)O3 (PZN)–0.1PbTiO3 (PT) during the heating process in real time. Both samples
were heated from room temperature to 200 °C in a thermally insulated chamber. In both samples, the phase
transitions were observed to change from tetragonal to cubic. The temperature region at which the phase
transition (Curie region) of Ru-doped 0.9PZN–0.1PT occurred not only broadened but also shifted to a lower
temperature. The refractive indiceswere extremely stable in this region,meaning that Ru-doped 0.9PZN–0.1PT
is a more favorable medium for the fabrication of optical memories.
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1. Introduction

Within the past few decades, the complex perovskite-type ferro-
electricmaterials (with thegeneral formulaABO3)have foundnumerous
applications [1]. The perovskite materials are attractive because they
exhibit extremely high piezoelectric coefficients and a wide region of
controlled dielectric constants when the compositions are near the
morphotropic phase boundary (MPB) [2–4]. Kuwata et al. [5] success-
fully grewmixed crystals between the relaxors Pb(Zn1/3Nb2/3)O3 (PZN)
and the ferroelectric PbTiO3 (PT). It is worth noting that the structures of
PZN and PT under ambient conditions are rhombohedral and tetragonal
[6,7], and the piezoelectric effect of the (1−x)PZN–xPT single crystals
near the MPB (x~0.1) is the greatest ever observed [5,8]. Cox et al. [9]
found another orthorhombic phase around the MPB between the
rhombohedral and tetragonal phases. The rhombohedral-orthorhombic
boundary is near-vertical [10]. This boundary is similar to the
rhombohedral-monoclinic boundary observed in the PbZn1−xTixO3

(PZT) system [9].
The phase structures of PZN–PT near the MPB vary from

orthorhombic (ferroelectric, FE) to tetragonal (FE), then to cubic
(paraelectric, PE) under heating [9,10]. The relaxor ferroelectric
materials exhibit anomalies in the dielectric response over a wide
region near the FE-PE transition temperature, normally called the
Curie region. This phenomenon is caused by either spatial fluctuation
of the B-site cations or the diffuse phase transition (DPT) [11]. The
dielectric, pyroelectric, elastic-electric, and optoelectric properties of
ferroelectric materials are all significantly enhanced in the Curie
region [12,13].

In previous studies, it has been found that doping Ru into complex
oxides can enhance the photorefractive effect in the red and near-
infrared spectral regions [14–17]. In addition, using Ru as a dopant in
various inorganic crystals can considerably improve their response
time and photoconductivity [18–20]. Therefore, Ru-doped perovskites
can be considered a practical material for optical memories. Since
there is no related information about the refractive indices of Ru-
doped PZN–PT during heating/cooling process, we measure their
refractive indices during heating in order to understand what would
be the most favorable working temperature for optical storage.

Ellipsometry is an effective measurement technique because it is
sensitive, fast and non-destructive. Consequently, ellipsometry has
beenwidely applied inmany different fields such as for the fabrication
of optical coatings, data storage, semiconductors, flat panel displays,
biotech, etc. The technology of phase-modulated ellipsometry (PME)
was developed by Jasperson et al. [21] and later improved by Acher
et al. [22]. As a remarkable progress in the semiconductor and
mechanical industry, PME is greatly improved and applied to real time
measurement. The phases of the perovskite materials are temperature
dependant, whichmakes PME a powerful technique to study dynamic
changes in the phase transition. In this study, we applied PME to
measure changes in the refractive index of pure and Ru-doped
0.9PZN–0.1PT during the heating process. To avoid the noise from
direct current (DC) signals, which can affect the measurement of the
ellipsometric parameter Ψ [23,24], we averaged the DC signals every
0.1 s. It is easy to obtain the refractive index n0 of a bulkmedium in real
time by substituting the measured Ψ and Δ into the bulk model of an
isotropic medium [25].
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2. Experiments

2.1. Phase-modulated ellipsometry (PME)

The schematic setup of the PME is shown in Fig. 1. The strain axis of
the PEM (HINDS PEM-90/CF50) was set at 0° [26], and the azimuths of
the polarizer and analyzer were positioned at −45° and 45°,
respectively, with respect to the incident plane, by using the alignment
technique [26]. The modulation amplitude (δ0) of the PEM was
calibrated [27] and adjusted to be 2.4065, setting J0(δ0) equal to zero
during the measurements. The HeNe laser (632.8 nm) was used as a
probe beam. Its beam diameter was approximately 2 mm. The light
transmitted through the PEM was incident on the sample at 70°. The
modulated intensities were obtained by the amplified photodetector
(PDA55, Thorlabs) through the data acquisition system (BNC 2110 and
PCI 6115, National Instruments, 4 channels). The acquired data was
decomposed into the DC and harmonic signals by the multi-channel
virtual lock-in amplifier, which was programmed with LABVIEW. The
physical parameters of themeasuredmedium could then be deduced in
real time. We achieved a rate of 10 sets/s in this research.

2.2. Temperature control

The samples were heated from room temperature to 200 °C within
approximately 40 min in a thermally insulated chamber. The chamber
is comprised of a glass fiber box with a cover, as shown in Fig. 1. The
thermoelectric cooler (TE cooler) operates based on the Peltier effect,
so can be used as heater when the electric current is inversely applied.
The TE cooler is small but highly reliable. The sample was sandwiched
between two TE coolers to maintain uniformity of temperature of
the sample. A k-type thermocouple was attached to the surface of
the sample to monitor the temperature. The voltage produced by the
thermocouple was acquired by one of the channels of the same data
acquisition system. The voltage was then converted to the required
temperature scale according to the NIST ITS-90 Thermocouple
Database. In this way, both the temperature and the ellipsometric
parameters could be simultaneously monitored.

2.3. Materials

Thick glass (~3 mm, BK7) was used to insure insulation of the
chamber under heating. The glass is thick enough to separate the
reflected light from the second surface under the incident angle of the
probe beam was at 70°, in such case the bulk model can be used to
deduce its refractive index. The refractive index was measured under
the same circumstances as for measurement of the perovskites. After
testing the heating effect with the glass, we probed pure and Ru-doped
0.9PZN–0.1PT whichwere developed by Scholz et al. [28]. Both samples
Fig. 1. Schematic setup of the PEM ellipsometer for measuring the variation in the
refractive index during the heating process: probe beam: HeNe laser (632.8 nm);
P: polarizer; PEM: photoelasticmodulator; S: sample; θ: incident angle=70°; A: analyzer;
D: photodiode detector; PC: personal computer; TC: K type thermocouple.
were cut into a wedge shape along the [1 1 1] direction. The samples
were around4×4 mm2 in size and1 mmthick. Thismeant thatmultiple
reflections could be avoided.

3. Experimental results and discussion

As mentioned in the Handbook of Ellipsometry, the DC term
measured by the PME can be averaged every 100 cycles of modulation
of the phase modulator to reduce noise [23]. In our system, the
sampling rate and the buffer size of the DAQ card were set at 454 kHz
and 51,200 data size for recording the intensity measurements. The
intensity was acquired and saved in the buffer. Then 45,400 data
points were extracted from the buffer. The DC and harmonic terms
were obtained by power spectrum analysis and virtual lock-in
amplifier, respectively. In other words, the DC and the harmonic
terms were averaged every 5000 cycles of the modulated intensity in
this PME. In this way, 10 sets/s of ellipsometric parameters Ψ and Δ
could be measured. For convenience, we displayed the deduced
refractive index and measured temperature on line. Theoretically, the
DC and harmonic signals could be averaged every 100 cycles instead
of every 5000 cycles whichwould improve the speed of measuring the
refractive index to 500 sets/s. However, the measuring speed is
limited by the speed of data transfer between the multi-channels of
the DAQ system and the computer.

The refractive indices of BK7 before and during the heating process
were 1.513±0.001 and 1.513±0.002. This standard deviation in the
refractive index is close to the limit of the ellipsometry [29]. Through
this experiment, we can prove that the temperature effect to the PEM
[30] has been eliminated. This gives us enough confidence to measure
the refractive index of the perovskites under heating with this system.

The refractive indices of pure and Ru-doped 0.9PZN–0.1PT during
the heating process are plotted against temperature, as shown in
Figs. 2 and 3, respectively. The maximum changing rate of refractive
index is on the order of 10−4/s, which is much slower than the
measuring speed (10 sets/s). Although the exact phases of the
samples cannot be determined by our system, one can clearly
distinguish the phase transitions from the variation in the refractive
indices. The Curie region can be clearly observed in both pure and
Ru-doped 0.9PZN–0.1PT, but in the doped PZN–PT that region not
only shifted to a lower temperature butwas broadened by a factor of 2.5
with respect to that of pure PZN–PT. The phase diagram of pure PZN–PT
has already been widely studied [9,10]. The changes in phase structure
of this newly fabricated Ru-doped 0.9PZN–0.1PT during heating proved
Fig. 2. Refractive indices of pure 0.9PZN–0.1PT against temperature during heating:
T: tetragonal; C: cubic.
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Fig. 3. Refractive indices of Ru-doped 0.9PZN–0.1PT against temperature during
heating: T: tetragonal; C: cubic.
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to be a very interesting problem. In Scholz's study [28] on the phase
structures of pure and doped PZN–PT at room temperature, they
concluded that the most probable average phase structures of both
materials are tetragonal. Based on this conclusion, we assume that the
average phase structures of doped and undoped PZN–PT are the
same, evenduring theheating process. By comparing thephase diagram
for (1−x)PZN–xPT [9,10], we mark the phase transitions; see Figs. 2
and 3.

In the process of storage, the temperature of the surroundings can
fluctuate due to laser irradiation, heat dissipation, etc. However, for
optical storage, the refractive index of the perovskite material must be
stable under the working temperature. Using real time measurement
by PME, we find that undoped 0.9PZN–0.1PT has a stable refractive
index (2.645±0.002) within the Curie region (160 °C to 192 °C).
Above the Curie temperature (Tc), the structure starts to change from
hybrid tetragonal and cubic phase into pure cubic phase. In Fig. 2, one
can observe that Tc is 192 °C, which is comparable to what is found for
different concentrations in previous studies [9,10,31]. Due to the
limitation of this instrument, the refractive indices increased sharply
above Tcwithout the expected peak [31]. Although the refractive indices
of pure 0.9PZN–0.1PT are high and stable within the Curie region, this
region is still much higher than room temperature. Therefore, efforts
have been made to reduce and broaden the temperature throughout
this region in order to provide a more practical storage medium. In
general, the distribution of the Curie region as well as Tc can be
changed by doping some elements into the A-site or B-site of Pb-
based perovskites [11,32–35]. We observed this phenomenon in the
Ru-doped 0.9PZN–0.1PT, as shown in Fig. 3. The refractive indices of
the doped PZN–PT are 2.632±0.002 in the Curie region, while the
temperature range shifted from 160 °C to 192 °C down to 72 °C to
152 °C. This shifting and broadening of the Curie region makes the
Ru-doped 0.9PZN–0.1PT more suitable for infrared or even red light
sources in optical storage. The reduction in Tc may result from:
(1) the more delocalized 4f orbital with itinerant t2g of Ru can aid the
exchange coupling interaction [35]; and (2) doping larger B-site ions
can narrow the electronic bandwidth [36,37]. A previous study [28]
concluded that Ru4+ could be substituted for Ti4+ when doping Ru
into PZN–PT. The ionic radii of Ru4+ and Ti4+ are 0.62 and 0.605 Å,
respectively. In addition, they also found a finer domain structure
in Ru-doped 0.9PZN–0.1PT, which may amplify the variation in
refractive indices when the structure turns from the pure tetragonal
phase into the hybrid tetragonal and cubic phase. Comparing the
refractive indices of pure 0.9PZN–0.1PT with that of Ru-doped
0.9PZN–0.1PT, we can conclude that Ru-doped 0.9PZN–0.1PT is a
more favorable medium for use in optical memories.

4. Conclusions

In this study, we observed the phase transitions of pure and Ru-
doped 0.9PZN–0.1PT under heating through themeasurement of their
refractive indices by PME. From the experiments, we can conclude
that when Ru is used as a dopant in 0.9PZN–0.1PT, the Curie region is
broadened and shifts closer to room temperature. It is worthwhile to
know that the use of an insulated chamber can completely eliminate
heating problems for PEM, which has been a major drawback for PEM
ellipsometry.
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