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The structure evolution and origin of ultrahigh dielectric properties have been investigated in the low temperature
range from 300 K to 5 K for [001]-oriented 0.68Pb(Mg; /3Nb2 /3)03—0.33PbTiO3 (PMN-33PT) crystal. The experimental
results reveal that a short-range ordered monoclinic My is the dominant phase at ambient temperature. As the temperature
drops below 270 K, the My transforms into monoclinic Mc, and the M¢ remains stable until 5 K. Although no phase
transition occurs from 5 K to 245 K, polar nanoregions (PNRs) display visible changes. The instability of PNRs is suggested
as responsible for the low temperature relaxation. The ultrahigh dielectric constant at room temperature is associated with
the instability of local structure and phase transition. Our research provides an insight into the design of high-performance

ferroelectric materials.
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1. Introduction

Relaxor ferroelectric single crystals Pb(Mg; /3Nb;3)O03—
PbTiO3 (PMN-PT) with morphotropic phase boundary (MPB)
are attracting considerable attention because of their outstand-
ing piezoelectric, dielectric, and electromechanical properties.
At present, it is universally considered that the polar nanore-
gions (PNRs) play a key role for the ultrahigh electrical prop-
erties in relaxor-PT ferroelectric crystals,'=3! and a large num-
ber of studies have been carried out. For example, Xu et
al.'™ found a strong interaction between PNRs and acous-
tic phonons using the neutron inelastic scattering method.
They speculated that the phase fluctuation induced by PNRs
should be responsible for the ultrahigh piezoelectric proper-
ties. Recently, Li er al.B] reported the high electrical proper-
ties of relaxor-PT crystals result from the presence of PNRs.
Moreover, they achieved an ultrahigh piezoelectric constant
(d33 = 1500 pC/N) and dielectric constant (£33/€y > 13000) in
PMN-PT ceramic by introducing local structural heterogene-
ity, i.e., PNR.[®! Based on first-principles, Tan et al.!”) reported
that the dielectric relaxor of PMN-PT crystals depend on lo-
cal structures associated with the average B-site cation dis-
placement. Harby et al.!8! even found the dielectric relaxation
induced by polar nano-regions in xBaTiO3—(10—x)PbTiO3—
60V,05-30B,03 glass systems. Although great interest has
been focused on the polar nano-regions or local structures,
direct experimental evidence is still insufficient on how the
PNRs dynamic variation affects piezoelectric/dielectric prop-
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erties of relaxor-PT crystals, especially at cryogenic temper-
atures, which is critical to understand the effect of PNRs on
macroscopic properties.

The investigations into the thermodynamics of PNRs
were mainly focused on above room temperature for relaxor-
PT systems.[®"13] In contrast, limited studies have been re-
ported below room temperature. Yang et al.!'*l reported that
the monoclinic M¢ transforms into monoclinic M as the tem-
perature decreases to 188 K, and the phase transition temper-
ature exhibits remarkable dependence on the inhomogeneity
of PNRs. Although the synchrotron x-ray and neutron diffrac-
tion results showed that the long-range Mc phase in PMN—
PT crystals with MPB remains stable in the temperature range
from room temperature to 20 K, 13161 thermal fluctuation in
nanoscale was still proposed, and strongly affected the prop-
erties of PMN-PT crystals.[14-6]

The crystal structure from the synchrotron x-ray and neu-
tron diffraction is considered to be an average structure. The
local structure of PNRs is usually different from the average
lattice structure of the compound. In addition, the phase-
field simulations are only a theory analysis, and it will be
perfect if the experimental results are in agreement with that
of the theory. Micro-Raman spectrometer is a useful method
to investigate the PNRs.[1*1718] Tn this work, cryogenic ex-
periments involving confocal micro-Raman spectrometer and
dielectric response have been performed in low temperature
range from 5 K to 300 K for nominal composition [001]-
oriented 0.68Pb(Mg; 3Nb;/3)03-0.33PbTiO3 (PMN-33PT)
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crystals. Our aim is to supply direct experimental evidence
to demonstrate the thermodynamics of PNR and its effect on
lattice and macroscopic properties, which is very useful for
understanding the relationship between local structural het-
erogeneity and outstanding electrical properties in relaxor-PT
crystals.

2. Experimental

The 0.68Pb(Mg;/3Nb,/3)03-0.33PbTiO3 relaxor ferro-
electric single crystals were grown using the Bridgman
method.
0.5 mm?> was prepared. The sample was polished and annealed

The (001)-cut sample with dimensions 3 x 3 X

to remove possible residual stresses. The x-ray diffraction
(XRD, XRD-6000, Shimadzu Corporation, Japan) was used
to certify the orientation of the sample. Then, Ag was sput-
tered on the (001) and (001) surfaces as electrodes. The di-
electric properties above room temperature were measured by
a precision LCR meter (Agilent E4980A, Santa Rosa, USA),
while the dielectric properties in the temperature range from
300 K to 5 K were measured using a CFM-9T-H3-IVTI-25
model dielectric analyzer meter (Cryogenic Ltd, London). The
piezoelectric coefficient and P — E loop were measured using
a quasi-static ZJ-6A ds3 meter (Institute of Acoustics, Chinese
Academy of Sciences) and a ferroelectric test system (Preci-
sion Premier II, Radiant Technologies), respectively.

Raman spectra were collected on the (001)-face of
the crystal using a confocal micro-Raman spectrometer
(Horiba/Jobin Yvon HR800). A solid state laser of 532 nm
wavelength was used as the excitation source. The polarization
direction of the incident light was parallel to the y-direction.
The spectra were recorded in the parallel (VV) and crossed
(VH) polarization configurations, respectively. The sample
was placed inside a cryostat cell, and the temperature was
changed from 305 K to 5 K.

3. Results and discussion

The composition fluctuation in the as-grown PMN-PT
The PNRs
are very sensitive to the composition and orientation. Fig-

crystals by Bridgman technique is inescapable.

ures 1(a) and 1(b) show the dielectric spectra of the sam-
ple above room temperature, and the XRD pattern is seen in
the inset of Fig. 1(a). Only (100) and (200) crystal indices
are observed, indicating the single (100) face. Two dielec-
tric constant peaks at 316 K and 423 K, corresponding to
ferroelectric—ferroelectric and ferroelectric—paraelectric phase
transformations, respectively, are observed in Fig. 1(a). Based
on the formula of crystal composition and Curie temperature,
we can obtain!'’]

_ Tc+59°C

- 631°C
where x is defined as the content of PT, and T (°C) is Curie
temperature. The calculated x is about 0.33, indicating the

(x < 0.457), (1)

PMN-33PT crystal composition. The modified phase dia-
gram suggests that the PMN-0.33PT crystal is monoclinic (M)
phase at room temperature.!'>! As the temperature increases,
the M firstly transforms into tetragonal (T) at 316 K, and then
the T enters into Cubic (C) at 423 K. One can see that two
loss abnormalities around 300 K and 313 K are detected in
dielectric loss, as shown in Fig. 1(b). According to previous
reports,[122%] the two loss abnormalities may be assigned to
the My — Mc at 300 K, and Mc —T at 313 K, respectively.
These relaxation characteristics imply that the [001]-oriented
PMN-33PT might be coexistence of the M and M¢ phases at

room temperature. (11.12]

(a) 40

- —a— 100 Hz :
S —e—1 kHz z s
S 30 —4-10 kHz HES

g —v— 100 kHz ER RS l
9 1 MHz !

g 20 ? 10 20 30 40 50 60 70 8
o} y 20/(°)
Q -

s ¥

5 10F | 4

’%‘j mem———— 4\*

[@)

0 1 L 1 L 1
300 350 400

N N PR 1
450 500 550 600

(b) —=—100 Hz
—e—1 kHz
2 0.03} 10 kHz
O
9
-
=
Q
Q
©
A 0.02}

1 1 1 1
320 340 360
Temperature/K

1
300

Fig. 1. The dielectric spectra of a sample in the temperature range from
290 K to 570 K: (a) dielectric constant, and (b) dielectric loss. The XRD
pattern is shown in the inset of panel (a).

Figures 2(a) and 2(b) illustrate the response of relative di-
electric constant and dielectric loss in low temperature range
from 5 K to 300 K for the [001]-oriented PMN-33PT crys-
tal. In Fig. 2(a), two dielectric constant peaks corresponding
to 100 K (peak I) and 280 K (peak II) are observed. The
broadened phase transition and strong frequency dispersion,
especially for the peak I, indicate the relaxation character-
istic related to the PNRs. The dielectric constant increases
sharply from 5 K to 240 K, and the increment (A ~ 3700)
accounts for 60% of the room-temperature dielectric constant
(& =~ 6200). In Fig. 2(b), two dielectric loss peaks at Ty ~
50 K and T, = 270 K are observed, which is identical to
the previous reports.!!3?! Reference [13] suggested that the
loss peak at 270 K was related to water vapor, while structural
irregularity was proposed in Ref. [21]. Our results seem to
support the latter because our sample was not exposed directly
in liquid helium. A significant dielectric loss peak is seen at
T = 50 K, and it is almost independent of frequency below

057701-2



Chin. Phys. B Vol. 28, No. 5 (2019) 057701

50 K, but it shows a strong dependence on the temperature. As
the temperature rises above Tpy, the temperature dependence
of dielectric loss decreases, but the frequency dispersion in-
creases. Previous studies indicated that this type of dielectric

relaxation is associated with high dynamic of PNRs. [!,>-6-21]
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Fig. 2. Temperature dependence of dielectric response for [001]-
oriented PMN-33PT crystal in the temperature range of 5 K to 300 K:
(a) dielectric constant, and (b) dielectric loss.

To demonstrate the existence of PNRs, the relationship
between the temperature Tp,; and frequency f, correspond-
ing to the dielectric loss peaks near Tp,;, has been investigated
based on the Arrhenius law!!!

f = foexp(—Ea/kpTm), (2)

where f is frequency, E, is activation energy, Ty, is the temper-
ature at which the dielectric loss obtains maximum, kg is the
Boltzmann constant, and fj is pre-exponential factor. Based
on the Arrhenius law, the £, = 0.155 eV is extracted. This
value is similar to the switching energy barrier of the PNRs in
PMN crystals,[??! indicating the presence of PNRs at Tp,. It
was reported that the freezing temperature of PMN-PT crystal
is approximately 45 K."?!l Neutron spin echo measurements
have shown that the PNRs display entirely static below freez-
ing temperatures, but they gradually become relaxationally
thermal dynamic on heating.!*! Thus, we deduce that the di-
electric relaxation near Ty is attributed to the thermal dynam-
ics of PNRs.

Figure 3 shows the polarization micro-Raman spectra
with VV mode as a function of temperature from 305 Kto 5 K
for [001]-oriented PMN-33PT single crystal to study thermal
dynamics of PNRs and lattice. The Raman spectra show a sig-
nificant dependence on temperature. Compared with the high

temperature, Raman bands are narrower, and the intensity of
Raman peaks is larger in low temperature range from 5 K to
45 K. This result indicates that the change of local structure
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Fig. 3. Raman spectra of [001]-oriented PMN-33PT crystal at different
temperatures from 305 K to 5 K.
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Fig. 4. The deconvolution of multiple Lorentzian peaks for [001]-
oriented PMN-33PT crystal at specific temperatures.
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occurs near 45 K, which leads to variation of dielectric prop-
erties, as shown in Fig. 2. Ten Raman peaks, around frequen-
cies of 50 cm™ !, 95 cm™ !, 136 cm™!, 204 cm™!, 270 cm ™!,
432 cm™!, 505 cm ™!, 586 cm™!, 749 cm ™!, and 790 cm™!
marked by the black arrows, are observed at low temperature.
However, only four Raman peaks centered around 50 cm !,
270 cm~!, 580 cm™!, and 780 cm ! are presented at high tem-
perature. One can notice that five modes located at 95 cm !,
136 cm™ !, 204 cm™!, 430 cm™!, and 505 cm™! at low tem-
perature almost disappear at high temperature indicated by el-
lipses with red dotted and black solid lines. All phenomena
reveal that there are lattice and/or PNRs thermal dynamics in
the temperature range from 5 K to 305 K.15:21:23]

It is well known that the lattice symmetry determines the
number of Raman active modes, which can be used to detect
the phase transitions in solids. Based on the group theory, the
rhombohedral R lattice symmetry has seven Raman modes, the
tetragonal T has eight, and the monoclinic M or orthorhombic
O has twelve. 24 Figures 4(a)—4(c) show the deconvolution
of multiple Lorentzian peaks for [001]-oriented PMN-33PT
crystal at specific temperatures. In Figs. 4(a) and 4(b), twelve
Raman active modes are observed, indicating the M or O struc-
tures at 25 K and 205 K. Yang et al.!!”! excluded the O struc-
ture by analyzing the intensity of Raman mode as a function
of rotation angle 8 in [001]-oriented PMN-33PT crystal, and
their result is in agreement with previous studies.®~?! There-

fore, the crystal structure should be the M in our work at 25 K

1000
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and 205 K. However, only ten Raman active modes instead
of 12 are observed at 305 K, as shown in Fig. 4(c). Marssi
et al.'>) suggested that the discrepancy of mode numbers be-
tween the experiment and theory analysis in PMN-PT com-
pound can be attributed to the existence of the PNRs arising
from the complex B-site substitution in relaxor ferroelectrics.
Figures 5(a)-5(f) exhibit the contrast of the VV and VH
polarization micro-Raman spectra at specific temperatures. As
the temperature increases, the Raman spectra in the ranges of
90-150 cm~!, 400-600 cm~—!, and 700-800 cm~! show the
notable changes, as shown by the ellipses and black arrows.
In Figs. 5(a)-5(d), the VV and VH spectra significantly de-
pend on the polarization. However, the VH and VV spec-
tra in Figs. 5(e) and 5(f) are similar, neither polarization de-
pendent nor temperature dependent. Yang et al.l'*! reported
that the VV and VH spectra of My with Cm space group are
nearly the same, while the spectra of M with Pm space group
exhibit remarkable dependence on the polarization configura-
tions. Thus, the Mc structure is suggested in the tempera-
ture range from 5 K to 245 K, and it gradually transforms
into the M with Cm space group near 270 K, as shown in
Fig. 2. When the temperature further increases to 285 K, the
main phase structure is M, which is consistent with Fig. 1.
Although no phase transformation occurs in the temperature
range from 5 K to 245 K, the thermal dynamic of local struc-
ture is suggested to contribute to these various Raman scatter-

ing (Figs. 3—5) and dielectric properties (Fig. 2).I141718]
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Fig. 5. Polarized micro-Raman spectra of [001]-oriented PMN-33PT crystal at specific temperatures.
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The chemical fluctuations as a result of the substitution of
multiple B-site cations (Mg?", Nb>*, and Ti**/Ti*>*) in PMN—
33PT crystal induce the formation of PNRs. [*! The interaction
between the PNRs and the bulk lattice can introduce an under-
lying structural instability, (%6 which results in the M phase
transformation toward M¢ at 270 K, as shown in Fig. 2. Under
the effect of temperature, the relaxational thermal dynamics of
PNRs induces the polarization rotation of PNRs,!!! leading
to the dielectric relaxor and 60% contribution to room tem-
perature dielectric constant in the temperature range from 5 K
to 245 K. We propose that the phase instability and polariza-
tion rotation of PNRs at low temperature range can play a key
role to the room-temperature ultrahigh dielectric properties in
[001]-oriented PMN-33PT crystal.

As is known, the ferroelectric and piezoelectric proper-
ties are very important for relaxor ferroelectric crystals. We
have measured the piezoelectric coefficient (d33 = 2051 pC/N)
and P-E loop at room temperature, as shown in Fig. 6. The
[001]-oriented PMN-33PT crystal shows the remanent polar-
ization P, = 32 uC/cm?. One can see that the positive coercive
field E.; = 2.1 kV/cm is close to the negative coercive field
E._ = 2.13 kV/cm, indicating a little internal bias field and
high quality crystal>”! grown by modified Bridgeman method

in our work.
45
P,=32 pC/cm\ZA
30
a 15F
g
Q
O 0 \
= (Be-=213kV/fm | g —91 kV/eng
& 15t
730_
BT T o 4 8 12
E/kV-cm™!

Fig. 6. P—E loop of [001]-oriented PMN-33PT crystal at room temper-
ature.

4. Conclusion

The dielectric measurement and Raman spectrum of
[001]-oriented PMN-33PT crystal are collected in the low
temperature range from 300 K to 5 K to investigate the evo-
lution of microstructure and the origin of ultrahigh dielectric
properties. Raman spectrum and dielectric measurement re-
veal that the My is the dominant phase structure at room tem-

perature. As the temperature drops below ambient tempera-
ture, the M phase gradually transforms to the Mc phase by
an ergodic process near 270 K. No phase transition presents
in the temperature range from 245 K to 5 K, suggesting the
Mc symmetry remains. The strong dielectric relaxor between
5 K and 245 K is attributed to the relaxational thermal dy-
namics of PNRs. The origin of ultrahigh dielectric constant is
associated with thermal dynamics of PNRs and phase instabil-
ity. The crystal shows excellent piezoelectric and ferroelectric
properties d33 = 2051 pC/N and P, = 32 pC/cm?.
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