
Phase transition and temperature stability of piezoelectric properties in Mn-modified
Pb(Mg1/3Nb2/3)O3-PbZrO3-PbTiO3 ceramics
Yongke Yan, Ashok Kumar, Margarita Correa, Kyung-Hoon Cho, R. S. Katiyar, and Shashank Priya 
 
Citation: Applied Physics Letters 100, 152902 (2012); doi: 10.1063/1.3703124 
View online: http://dx.doi.org/10.1063/1.3703124 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/100/15?ver=pdfcov 
Published by the AIP Publishing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.173.125.76 On: Mon, 13 Jan 2014 21:20:21

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/2079205716/x01/AIP-PT/APL_ArticleDL_1213/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Yongke+Yan&option1=author
http://scitation.aip.org/search?value1=Ashok+Kumar&option1=author
http://scitation.aip.org/search?value1=Margarita+Correa&option1=author
http://scitation.aip.org/search?value1=Kyung-Hoon+Cho&option1=author
http://scitation.aip.org/search?value1=R.+S.+Katiyar&option1=author
http://scitation.aip.org/search?value1=Shashank+Priya&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.3703124
http://scitation.aip.org/content/aip/journal/apl/100/15?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
borrego
Typewritten Text
Copyright by the American Institute of Physics (AIP). Yan, Yongke; Kumar, Ashok; Correa, Margarita; et al., “Phase transition and temperature stability of piezoelectric properties in Mn-modified Pb(Mg1/3Nb2/3)O-3-PbZrO3-PbTiO3 ceramics,” Appl. Phys. Lett. 100, 152902 (2012); http://dx.doi.org/10.1063/1.3703124



Phase transition and temperature stability of piezoelectric properties
in Mn-modified Pb(Mg1/3Nb2/3)O3-PbZrO3-PbTiO3 ceramics

Yongke Yan,1,a) Ashok Kumar,2 Margarita Correa,2 Kyung-Hoon Cho,1 R. S. Katiyar,2

and Shashank Priya1,a)

1Bio-inspired Materials and Devices Laboratory (BMDL), Center for Energy Harvesting Materials
and Systems (CEHMS), Virginia Tech, Blacksburg, Virginia 24061, USA
2Department of Physics and Institute for Functional Nano-materials, University of Puerto Rico, San Juan,
Puerto Rico 00931, USA

(Received 12 October 2011; accepted 22 March 2012; published online 12 April 2012)

This study investigates the effect of two different Mn modifiers [MnO2 and Pb(Mn1/3Nb2/3)O3(PMnN)]

on the of phase transitions in Pb(Mg1/3Nb2/3)O3-PbZrO3-PbTiO3 ceramics. The temperature

dependence of polarization derived from measured pyroelectric current indicated change in nature of

phase transition with MnO2 doping. This phenomenon was supported by the temperature evolution of

the linear softening of low lying hard lattice mode as revealed by Raman analysis. The grain size was

found to increase with MnO2 doping (5X) while decrease with PMnN modification (0.5X).

Interestingly, the piezoelectric constant of MnO2 modified composition showed negligible degradation

(<1%) even after heat treatment very close to the ferroelectric-paraelectric transition temperature.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3703124]

Modified Pb(Zr,Ti)O3 (PZT) based piezoelectric

ceramics with combinatory “soft” and “hard” characteristics

are required for high power applications. The ideal high

power materials should possess high piezoelectric charge

coefficient (d), large electromechanical coupling factor (k),

large mechanical quality factor (Qm), and low dielectric loss

(tan d). In general, adding relaxor type A(B1B2)O3 com-

pound (such as Pb(Mg1/3Nb2/3)O3 (PMN) and Pb(Zn1/3Nb2/3)

O3 (PZN)) to PZT enhances the piezoelectric properties

(such as d and k) of the material while the acceptor ion (such

as Mn2þ and Mn3þ) increases Qm and reduces tan d.1–3

Previously, we have found that MnO2 doped PMN-PZT

and PZN-PZT ceramics exhibit uniform distribution of sec-

ondary oxide phase in the perovskite matrix grain structure

(MgO secondary phase in MnO2 doped PMN-PZT and ZnO

secondary phase in MnO2 doped PZN-PZT).4,5 Taking into

account the phase stability of PMN, PZN, and Pb(Mn1/3Nb2/3)

O3 (PMnN),6 we have suggested that Mn-ion substitutes on

the B-site (such as Mg2þ, Zn2þ) in order to stabilize the

relaxor structure. This results in the complex phase composi-

tion corresponding to PMN/PZN-PZT-PMnN matrix with

MgO/ZnO secondary phase.4,5 When Pb(Mn1/3Nb2/3)O3 was

used instead of MnO2 as dopant in the PMN-PZT, it was

found that the formation of MgO secondary phase was sup-

pressed and the resultant ceramic exhibited constrained grain

growth (grain size decreased from �10 lm to �1 lm) result-

ing in improved “hard” property (Qm increased from 950 to

2060).4 The combination of these excellent hard characteris-

tics with high temperature stability makes these systems

prominent candidate for designing high power devices. How-

ever, we also noticed quite interesting phase transition charac-

teristics in this system which was dependent upon the type of

Mn-dopant used (MnO2 or PMnN). In this letter, we investi-

gate the nature of ferroelectric phase transition in the MnO2

and PMnN modified PMN-PZT ceramics and temperature sta-

bility of piezoelectric properties.

Three different compositions were synthesized for

this study: (i) 0.4Pb(Mg1/3Nb2/3)O3-0.25PbZrO3-0.35PbTiO3

(PMN-PZT), (ii) 2 mol. % MnO2 doped 0.4Pb(Mg1/3Nb2/3)

O3-0.25PbZrO3-0.35PbTiO3 (PMN-PZTþMnO2), and (iii)

0.06Pb(Mn1/3Nb2/3)O3-0.34Pb(Mg1/3Nb2/3)O3-0.25PbZrO3-

0.35PbTiO3 (PMN-PZTþ PMnN). Detailed description of

the sample preparation can be found elsewhere.4 The phase

and microstructure of sintered samples was examined by

x-ray diffraction (XRD, PANalytical X’Pert) and scanning

electron microscopy (SEM, FEI Quanta 600 FEG). Dielec-

tric constant (er) and tan d were measured by using a LCR

meter (HP4287A). Electromechanical coupling factor (k31)

was obtained by using resonance-antiresonance technique

through impedance/gain analyzer (HP4194A). Thermally

stimulated depolarization current (TDSC) was measured at

heating rate of 2 �C/min using pA meter (HP4140B). Im-

pedance spectrum was measured using HP4194A over fre-

quencies from 100 Hz to 15 MHz. Raman spectra were

obtained using Jobin-Yvon T64000 Triple spectrometer.

Figure 1 shows the SEM images and corresponding

XRD patterns of all three samples. All the compositions

exhibited perovskite structure and were close to the morpho-

tropic phase boundary (MPB) as indicated by splitting of

(111) and (200) peaks (Fig. 1S of Ref. 7). We expect slight

shift in the base composition by Mn-modification as indi-

cated by change in the (111) and (200) peak position and

shift in the Curie temperature. The MPB of relaxor based

systems is known to be slightly curved thus the shift in the

composition towards rhombohedral side for PMN-

PZTþMnO2 will result in lower Curie temperature (Fig. 2S

of Ref. 7). The microstructures in Fig. 1 shows the dense sin-

tered body and variation in grain size with the type of Mn-

doping (�2 lm for PMN-PZT, �1 lm for PMN-PZT-PMnN,

and �10 lm for PMN-PZTþMnO2). Further, there is pre-

cipitation of MgO second phase in PMN-PZTþMnO2
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ceramic (EDS/SEM analysis shown in Fig. 3S of Ref. 7),

while PMN-PZT-PMnN exhibited single phase normal micro-

structure. PMnN is more stable than PMN in nonstoichiomet-

ric MnO2 doped PMN-PZT which promotes the chemical

reaction given as 3Pb(Mg1/3Nb2/3)O3þMnO! 3Pb(Mn1/3

Nb2/3)O3þMgO. The secondary phase MgO in MnO2 doped

PMN-PZT accelerates the grain growth by modulating the

grain boundary migration energy.

The variation of er and tan d as a function of temperature

for all three samples at the frequency of 1 kHz is shown in

Fig. 2(a). All samples exhibited diffuse phase transition near

the er maximum (Tm) due to relaxor nature of PMN. The

maximum value of er at Tm for PMN-PZTþPMnN ceramic

decreased while that of PMN-PZTþMnO2 increased. Ran-

dall et al. have shown that grain sizes below critical level

results in decreased magnitude at Tm and diffused phase tran-

sition.8 In the case of relaxor PMN-PT, decrease in grain

size results in reduction of the dielectric constant at Tm; how-

ever, this effect is more prominent as the grain size

approaches �0.1 lm.9 In another study on BaTiO3, they did

not see any shift in Tm until the grain sizes were in sub-

micron range.10 Thus, changes in dielectric behavior of

PMN-PZTþ PMnN and PMN-PZTþMnO2 will have some

contribution from the 10X difference in grain size, but other

factors are required to explain the overall variation. We did

not observe any effect of frequency on the Tmax, which con-

firmed that the observed effects were related to composition

not space charge polarization (Fig. 4S in Ref. 7). Another

interesting observation was the existence of peak of er and

tan d around 170 �C in PMN-PZTþMnO2, which became

sharp for the poled sample as shown in Fig. 2(b). To exclude

the possibility of defect dipole relaxation, the er vs. T curves

were measured during cooling down (from 350 �C, far above

Tm). The dielectric spectrum still exhibits the intermediate

peak though with thermal hysteresis. The influence of MgO

secondary phase on this intermediate peak can be ruled out

since MgO is not ferroelectric and has no phase transition

around this temperature. Therefore, the peak around 170 �C
should be attributed to phase transition of PMN-

PZTþMnO2 matrix from rhombohedral to tetragonal phase.

To clarify the nature of intermediate phase transition,

electromechanical property of three compositions was meas-

ured as a function of temperature as shown in Fig. 2(c). The

k31 of PMN-PZTþ PMnN was found to continuously

decrease with increasing temperature showing tendency sim-

ilar to that of unmodified PMN-PZT. On the other hand, the

k31 of PMN-PZTþMnO2 gradually increased with increas-

ing temperature and then suddenly dropped at 170 �C. This

result suggests that PMnN modified PMN-PZT had second

order phase transition like characteristics as that of pure

PMN-PZT, while MnO2 modified composition exhibited first

order phase transition like characteristics. The comparison of

change in slope ratio (C�/Cþ) of the reciprocal dielectric

constant below and above Tm as shown in Fig. 2(d). For

PMN-PZT, C�/Cþ is close to 2, while PMN-PZTþMnO2

shows C�/Cþ of about 4. In accordance with the Landau free

energy model, this difference in C�/Cþ value also suggests

the shift of ferroelectric phase transition from second order

to first order.11 This change of phase transition may be

related to the defect structure present in the material.

To understand the nature of defect chemistry,12,13 we

conducted TSDC measurements using the technique

described in Ref. 13. Figure 3(a) shows the TSDC curves for

all of the three compositions. Two sharp peaks in the low

FIG. 1. XRD patterns and SEM images of PMN-PZT, PMN-PZTþMnO2,

and PMN-PZTþPMnN sintered samples.

FIG. 2. (a) Dielectric constant and loss as a function of temperature for

PMN-PZT, PMN-PZTþMnO2, and PMN-PZTþPMnN samples at the fre-

quency of 1 kHz. (b) Dielectric constant as a function of temperature for

PMN-PZTþMnO2 under different conditions (U: unpoled, P: poled, H:

heating, C: cooling). (c) Electromechanical coupling factor k31 as a function

of temperature for poled samples. (d) Inverse of dielectric constant as a func-

tion of temperature for unpoled samples at the frequency of 1 kHz.
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temperature regime can be noticed for the composition

PMN-PZTþMnO2. These peaks correspond to the phase

transition temperature from rhombohedral to tetragonal (TR-T)

and tetragonal to cubic (Tc) phase transition. In the case of

PMN-PZT and PMN-PZTþ PMnN the peaks were diffused

and had much smaller intensity. This result further confirms

the change in order of transition in PMN-PZTþMnO2

ceramics as compared to that of PMN-PZTþ PMnN. The

question that one can ask is “Why Mn doping is able to impart

such modification?” To answer this question we look at the

high temperature TSDC regime shown in Fig. 3(b). The peaks

at the high temperature TSDC regime shown in Fig. 3(b) are

not related to phase transition but only with the underlying

defect structure in the material.14 Diffuse polarization anom-

aly above Curie temperature could be related to relaxation of

inherent defect structure present such as A-site and oxygen

vacancies, space charges, and polar heterogeneities due to

high temperature processing and balancing of the electroneu-

trality condition. Recently, Matsudo et al. have conducted

TSDC measurement on the Na0.5K0.5NbO3 ceramics and have

shown that large current anomaly around 370 �C is related to

the relaxation of oxygen vacancies.15 We believe that peak

observed in the PMN-PZT is also related to the relaxation of

oxygen vacancies (V��O ) [Ref. 15] formed due to evaporation

of PbO at high sintering temperature; i.e., Pb2þ þ
O2� () V

00
Pb þV��O þ PbO ". The relaxation peaks were sup-

pressed in Mn-doped PMN-PZT samples which could be

attributed to two factors: reduction in the evaporation of the

PbO and formation of defect complexes. The suppression of

oxygen vacancy formation during high temperature process-

ing is well known in La-modified PZT ceramics. The defect

association between Mn ion and V��O is much stronger than

V
00
Pb � V��O , because V��O formed due to PbO evaporation can

be compensated by annealing in oxygen atmosphere, while

V��O formed by the acceptor Mn ions are thermodynamically

stable for the local electrical neutralization. Figure 3(c) shows

the change in polarization magnitude obtained by integrating

the curve in Fig. 3(a) between room temperature and 400 �C.

Noticeably, large magnitude of integrated polarization (int. P)

for PMN-PZT reflects the contribution from oxygen vacan-

cies. The significantly reduced magnitude of int. P in Mn

modified specimen could be attributed to bound defects

requiring high threshold energy for diffusion. The reason for

difference in the defect structure of PMnN modified and

MnO2 modified samples could be that MnO2 doping also

introduces microstructural inhomogeneities (formation and

distribution of MgO resulting in structural heterogeneities)

which scale with the defect structure.

Figure 4(a) shows the impedance spectra of three sam-

ples, and a simple R-C fit to the semi-circles was performed

to determine the DC conductivity shown in Fig. 4(b). The

results illustrate that the resistivity of PMN-PZT increases

about 10X by Mn doping. Similar phenomenon was

observed in Mn doped BaTiO3 and explained on the basis of

low V��O and electron/hole trapping effect due to multiva-

lence nature of Mn.16 This figure also shows that the

FIG. 3. (a) Thermally stimulated depolarization current (TSDC) of poled

PMN-PZT, PMN-PZTþMnO2, and PMN-PZTþPMnN samples, (b)

enlarged windows, (c) room temperature d33 as a function of annealing tem-

perature (holding time: 30 min, short circuited, transition temperature TR-T

and TC recorded from pyroelectric current peaks from Fig. 3(a)).

FIG. 4. (a) Impedance spectra of unpoled PMN-PZT, PMN-PZTþPMnN,

and PMN-PZTþMnO2 at different temperature; (b) DC conductivity (rdc);

(c) characteristic frequency (fc); (d) relaxation time constant (s) versus

inverse temperature for PMN-PZT, PMN-PZTþPMnN, and PMN-

PZTþMnO2.
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resistivity of the PMnN modified samples is lower than that

of MnO2 one, further confirming the contributions arising

from the activation of nanoscale heterogeneities. Arrhenius

fit to the DC conductivity plot with temperature showed that

Mn modified samples had higher activation energy than that

of PMN-PZT, which further confirms formation of defect

complexes in the Mn-modified specimen. The large differ-

ence in the relaxation time (Fig. 4(d)) between the Mn-

modified and unmodified sample again indicates that oxygen

vacancies are predominantly present as defect complex in

the Mn-modified sample.

To further understand the difference in phase transition

behavior of MnO2 doped and PMnN modified PMN-PZT,

Raman scattering was employed. Raman spectroscopy is a

powerful tool to investigate the local crystal structure,

defects, domain dynamics, and phase transition behavior of

ferroelectric materials.17–19 The room temperature Raman

spectra of pure PMN-PZT, PMN-PZT-PMnN, and PMN-

PZTþMnO2 are shown in the inset of Fig. 5. The spectra

have similar features and they match well with those

reported for the complex B-site relaxor ferroelectric family

materials.17–19 It consists of strong phonon modes with peak

frequency at �43, 571, 714, and 814 cm�1 plus a band at fre-

quency range of 200–300 m�1 and a shoulder at �95 cm�1.

Lowest and intermediate phonon modes showed anomalous

behavior with temperature, the complete details of the tem-

perature evolution of the phonon modes will be presented

elsewhere. The low frequency (�43 cm�1) hard lattice mode

is of special interest to investigate the ferroelectric phase

transition.17 The temperature-dependence of the frequency

of this mode for the different samples is shown in Fig. 5.

This mode is assigned as F2g mode, and it is associated with

the Pb-O stretching vibration; the details of phonon fitting

routine can be found in Ref. 17. The frequency of the F2g

mode decreases on increasing temperature for pure and

doped PMN-PZT samples, but when the transition tempera-

ture is reached, the frequency remains almost constant.

PMN-PZT and PMN-PZTþ PMnN samples exhibited

smooth and continuous change in frequency of about

�7 cm�1 while PMN-PZTþMnO2 showed a linear and

sharp decrease of about �11 cm�1. This anomalous behavior

of phonon softening further supports a phase transition of

second order for the former compositions and first order for

the later.

The variation of transition behavior affects the tempera-

ture stability of piezoelectric properties. Despite of having

higher Tm, PMN-PZT and PMN-PZT-PMnN ceramics showed

about 70% and 50% respective decrease in piezoelectric coef-

ficient d33 (Fig. 3(d)). However, PMN-PZTþMnO2 exhibited

almost negligible degradation (<1%) after heat treatment at

200 �C. It demarcates two types of Mn-modified samples and

indicates the stable nature of piezoelectric response in the

MnO2 modified case. This excellent temperature stability of

electromechanical property of PMN-PZTþMnO2 has huge

relevance for high power application which can be associated

with the narrow phase transition range.

In summary, this study shows that two different Mn

modifiers [MnO2 and PMnN] have different impact on the

phase transition of PMN-PZT piezoelectric ceramics. MnO2

doping changes phase transition from second order to first

order. This phenomenon was supported by the temperature

evolution of the low frequency hard lattice mode as revealed

by Raman analysis. It is suggested that the MnO2 modifica-

tion facilitated the ferroelectric long-range ordering and

higher temperature stability of piezoelectric properties.
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