AlP  Applied Physics\ \V H

Optical properties of (1-x)Pb(Mg13Nb23)O3-xPbTiO3 single crystals
studied by spectroscopic ellipsometry
Xinming Wan, H. L. W. Chan, C. L. Choy, Xiangyong Zhao, and Haosu Luo

Citation: J. Appl. Phys. 96, 1387 (2004); doi: 10.1063/1.1767287
View online: http://dx.doi.org/10.1063/1.1767287

View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/N96/i3
Published by the American Institute of Physics.

Related Articles

Investigation of dielectric and electrical properties of Mn doped sodium potassium niobate ceramic system using
impedance spectroscopy
J. Appl. Phys. 110, 104102 (2011)

Determination of depolarization temperature of (Bil/2Nal/2)TiO3-based lead-free piezoceramics
J. Appl. Phys. 110, 094108 (2011)

Finite element method simulation of the domain growth kinetics in single-crystal LiTaO3: Role of surface
conductivity
J. Appl. Phys. 110, 052016 (2011)

Local domain engineering in relaxor 0.77PbMg1/3Nb2/303-0.23PbSc1/2Nb1/203 single crystals
J. Appl. Phys. 110, 052002 (2011)

Determination of the effective coercive field of ferroelectrics by piezoresponse force microscopy
J. Appl. Phys. 110, 052012 (2011)

Additional information on J. Appl. Phys.

Journal Homepage: http://jap.aip.org/

Journal Information: http://jap.aip.org/about/about_the_journal
Top downloads: http://jap.aip.org/features/most_downloaded
Information for Authors: http://jap.aip.org/authors

ADVERTISEMENT

Explore AIP’s new
open-access journal

AlP

Article-level metrics
now available

Join the conversation!
Submit Now Rate & comment on articles

Downloaded 05 Dec 2011 to 158.132.161.9. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://jap.aip.org/?ver=pdfcov
http://aipadvances.aip.org?ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Xinming Wan&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=H. L. W. Chan&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=C. L. Choy&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Xiangyong Zhao&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Haosu Luo&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.1767287?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v96/i3?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3660267?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3660253?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3623762?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3624812?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3624802?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov

HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 96, NUMBER 3 1 AUGUST 2004

Optical properties of (1-x)Pb(Mg4,3Nb,,3)O3-xPbTiO 3 single crystals studied
by spectroscopic ellipsometry

Xinming Wan®

Department of Applied Physics, The Hong Kong Polytechnic University Hung Hom, Hong Kong, China
The State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute
of Ceramics, Chinese Academy of Sciences, Jiading, Shanghai 201800, China

H. L. W. Chan and C. L. Choy
Department of Applied Physics, The Hong Kong Polytechnic University Hung Hom, Hong Kong, China

Xiangyong Zhao and Haosu Luo
The State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute
of Ceramics, Chinese Academy of Sciences Jiading, Shanghai 201800, China

(Received 8 March 2004; accepted 7 May 2p04

(1-x)Ph(Mg1,3Nby/5)O5-xPbTiO; (PMN-x PT) single crystals withx=0.24, 0.30, 0.31, and 0.33

have been investigated by spectroscopic ellipsometry. The refractive indices and extinction
coefficients were obtained. The modified Sellmeier equations for the refractive indices were
obtained by least-squares fit. The equations can be used to calculate the refractive index with high
accuracy in the low absorption wavelength range, namely, from 400 to 5800 nm. The Sellmeier
optical coefficientE,, Ny, S, andEy were calculated by fitting the single-term oscillator equation.
They are related directly to the electronic energy band structure and have the physical significance.
The optical band gap energies were also obtained from absorption coefficient spectra. Our results
show that as the PT content increases, the refractive index of RIMNsingle crystals increases,
while the optical band gap energy decreases. Some discussions aboutgtbet&@@dron building

block that determines the basic energy level of PMF single crystals are also presented in this
article. ©2004 American Institute of Physid®OI: 10.1063/1.1767287

I. INTRODUCTION ces increase with PT contehBut the dependence of the
refractive indices as well as extinction coefficients of PMN
The complex perovskite (1-x)Pb(Mg;;3Nby3)O;  -xPT single crystals as a function of PT content is largely
-XPbTiO; (PMN-x PT) single crystals are well-known ferro- unknown. The lack of experimental data is mainly due to the
electrics with an ABQ-type oxygen-octahedral unit cell. difficulties of applying traditional Brewster’s angle or mini-
They have come into prominence due to their extrahigh elecmum deviation method to small single crystals with poor
tromechanical coupling factor, piezoelectric and dielectricoptical quality. PMNxPT single crystals ok<0.35 have
coefficients, and field induced strain respoh‘§e.Most many domain walls and nanoregions with different orienta-
oxygen-octahedral ferroelectrics, which exhibit excellenttion which obviously cause multiple scattering and generate
electromechanical properties, also have outstanding opticé#rge scattering losses, so they become opaque when the
properties:® Although lots of work on the dielectric and pi- thickness is over 1 mm. These limitations are known to be
ezoelectric properties of PMMPT single crystals have been avoidable by using spectroscopic ellipsomet8F).""** SE
done, the values of the optical properties are not perfectlys & nondestructive and powerful technique to investigate the
known. The knowledge of the detailed optical parameterspptica| characteristics of both bulk materials and thin films.
such as the refractive indices or optical transmission proper- The aim of this article is to provide a complete set of
ties, is most desirable, not only for making possible practicafata of the refractive indices and extinction coefficients for
usage in optic devices but also to answer very basic que®2MN-xPT single crystals. We measured the ellipsometric
tions on the energy level of the crystals and the physicagPectra of four typical samples witt=0.24, 0.30, 0.31, and
nature of this class of relaxor ferroelectrics. 0.33. Their Sellmeier equations for the refractive indices
One of the most important factors determining the use ofvere obtained in terms of IeaSt'Squares fit. The Sellmeier
a new-style material for optical applications is its refractiveoptical coefficientsEy, Ao, &, andEq were also calculated
index n and extinction coefficienk. Studies have been re- through fitting the single-term oscillator equation. From the
ported on the refractive indices of PMN single cry$tal, extinction coefficient spectra, the absorption coefficient spec-
PMN-0.3PT ceramic,PMN-0.38PT single cryst&l? and  tra, and hence the optical band gap energies of P#N-
PbTiO, ceramics’ The values are 2.522, 2.598, 2.620, andSingle crystals were estimated.
2.668 at 633 nm, respectively. Bing, Guo, and Bhalla further

suggested that for the PMXPT family, the refractive indi- !l- EXPERIMENTAL PROCEDURE

The ferroelectric PMNPT single crystals were grown
dElectronic mail: xmwan@citiz.net directly from melt by the modified Bridgman techniqﬁ@
0021-8979/2004/96(3)/1387/5/$20.00 1387 © 2004 American Institute of Physics
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FIG. 1. Temperature dependence of dielectric constants at 1 kHz of PMN
-XPT single crystals.

For unpoled PMNXPT single crystals wittx<<0.33, they
retain an optical isotropic pseudocubic state. That is toaay,

b and c axes are almost the same. In this work, all the
samples were oriented and cut along {B81) direction us-

ing an x-ray diffractometer. Our experimental samples are
5X 5 mn? square slabs with thickness of 1 mm. As the seg-
regation behavior during the crystal growth results in the
variation of PT content along the same botflaye should 0.0 L— ) ) . )
determinex, the PT content firstly. For PMNXPT single " 400 500 600 700 800

crystals,x can be estimated by, which approximately (b) Wavelength (nm)

equals to the Curie temperatufie.’® In this work, silver o _

. . FIG. 2. Wavelength dependence(af the refractive indices, an@) extinc-
paste was palnt'ed Or? the sample Surfaces and Slnteredt coefficients at room temperature of PM@RT single crystals. The solid
580°C for 30 min. Using an HP4194A impedance analyzefine showing the refractive index of PMN-0.38PT single crystal is obtained
equipped with a temperature chamigBelta 9023, the di-  from Ref. 8.
electric constants were measured at 1 kHz from room tem-
perature to 180°C and,, was determined from the maxi- ues of the dielectric constants reported for samples used in
mum of dielectric constants. this work agree well with those reported by oth&t&.

The square surfaces for light reflection were polished
using alumina and diamond polishing compouiid#h de-
creasing average grit size down to 0,061 to achieve a
final optical polish, with specular reflection. SE measure-  SE is a very powerful technique to measure the refrac-
ments were carried out at room temperature in the wavetive index and extinction coefficient of a wide variety of
length range of 350—820 nm with 5 nm intervals using amaterials. In SE, one deals with the measurements of the
spectroscopic phase-modulated ellipsométabin YVON  relative changes in the amplitude and the phase of a linearly
UVISEL). An incidence angle of 70° was used throughoutpolarized monochromatic incident light upon reflection from

Extinction coefficient k

B. The refractive index and extinction coefficient

the SE measurements. the sample surface. The experimental quantities measured by
ellipsometry are the angleb andA, which are related to the

IIl. RESULTS AND DISCUSSION optical and structural properties of the samples, as defined by

A. Dielectric constant versus temperature p=tanWe = Ry - %; exdi(s,- 891, (1)

We have prepared a series of PMRT single crystals
with different starting compounds and measured manyhere the complex Fresnel reflection coefficieR{sand Ry
samples. In PMN«PT single crystals, the Curie temperature correspond to the parallel and perpendicular components, re-
T. is sensitive to the content of PT, thus we can selecspectively. They are complex functions of the refractive in-
samples with different PT contents by measurement of theidexn and extinction coefficienk. For bulk isotropic samples
T. in our experiment. The four selected samples with typicainvestigated here, their complex refractive ind@xn+ik)
PT contents as representatives were reported here. Figurecan be revealed automatically by comparing the computer
shows the temperature dependence of the dielectric constanteodeling data with the experimental data.
for the samples at the frequency of 1 kHz. The dielectric ~ Figure 2 depicts the wavelength dependence of the re-
constant peaks are found at 110, 140, 145, and 155°C, réractive indices and extinction coefficients at room tempera-
spectively. With the phase diagram of the PMRT solid ture of PMNxPT single crystals. The refractive indices de-
solution system and the equation published betdrere  crease dramatically when the wavelength increases for all the
know that the correspondingof these samples is 0.24, 0.30, samples. The refractive index of PMN-0.38PT single crystal
0.31, and 0.33, respectively. Many authors have reported th@easured with minimum deviation method in previous Work
dielectric performance of PMMXPT single crystals. The val- is also plotted in Fig. @) for comparison. The dispersion
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TABLE I. The refractive index parameters for PMMRT single crystals at  TABLE Il. The refractive indices at 633 nm wavelength and optical band

room temperature. gap energies of PMMPT single crystals.

A B C D n Ey(nm) Eq(eV)
PMN-0.24 PT 5.6875 0.0924 0.0938 0.0217 PMN-0.24 PT 2.446 383.8 3.24
PMN-0.30 PT 5.5957 0.1628 0.0686 —0.4040 PMN-0.30 PT 2.501 385.1 3.23
PMN-0.31 PT 6.6344 0.0880 0.0979 0.6123 PMN-0.31 PT 2.585 385.3 3.23
PMN-0.33 PT 5.9302 0.2126 0.0572 —0.4268 PMN-0.33 PT 2.593 386.1 3.22
profile of PMN-0.38PT single crystal is very similar to the 0.0880

results measured by SE in this work. As the PT content in-  N-(\) = 6.6344 2_0.0979 00123 \?
creases, the refractive index of PMIRT single crystal in-

creases due to the higher refractive index of pure PT as com- (PMN-0.31PT7, (5)
pared to that of pure PMN. The results correspond with the
suggestion made by Bing Guo, and Bhdlffihe extinction 0.2126

ey n%(\) =5.9302 +—————— + 0.4268x \?
coefficients also decrease and become small when the wave- \°—=0.0572

length is above 500 nm for all measured samples. This indi-
cates that PMNKPT single crystals are transparent in the (PMN-0.33P7. ©®
visible light region, which is consistent with the results by With these equations, we can calculate the refractive indices
investigating their optical transmission specttahe sharp  of PMN-xPT single crystals with the PT contents of 0.24,
increase irk signifies a change in the optical properties from0.30, 0.31, and 0.33. In order to compare with other fer-
dominantly transmission to absorption as the band gap emoelectrics with ABQ-type perovskite structure, the re-
ergy is approached. For PMRRT single crystals, the main fractive indices at the wavelength of 633 nm are calcu-
contribution of optical loss comes from the band gap as wellated and listed in Table II.
as domain wall scattering. These mechanisms become in- The dominating features in the optical properties of
creasingly important for photon energies near the band gafPMN-xPT single crystals for energies below 3.5 eV come
It is already well known via lattice dynamical theories from the interband electronic transitions between the low
that the static dielectric behavior of ferroelectrics with 80 lying conduction bands and the upper valence bands. There-
octahedron building block is determined primarily by thefore, it is useful to investigate the change in the band gap as
BOs octahedra. In the case of optical properties, the; BOthe PT content changes. In order to determine the band gap
octahedron assumes special significance since the B-site cairergy, the absorption coefficients of the single crystals
ion d orbits and the O-anionorbits associated with each were derived from the extinction coefficierkausing
octahedron govern the lower lying conduction bands and the _
upper valence bands. This lowest energy oscillator is the &= 4™\ @)
largest contributor to the dispersion of the refractive indexThe band gaps of PMXPT single crystals were then de-
Other ions in the structure contribute to the higher-lying conduced from the absorption coefficient using the Tauc
duction band and have small effect on the optical prope"rtiesequation
From the well known simple dispersion theory, the refractive

index can be given by the modified Sellmeier equation in the (ahv)?=B(hv - Eg), (8)
region of low absorptioh whereB is a constant, is the band gap energy, aid is
the energy of the incident light. The relatian< vho - E,

n’(\) =A+ 5 -D X A2, (2) results from the joint density of states. By extrapolating

AT - the linear portion of the curve to zero, band gap energies

where\ is the wavelength in nanometers. With the measuretgf)f PMN-XPT smglg crystals can be obtalne(_j. A_n example
N of PMN-0.24PT single crystal was shown in Fig. 3. The
data of the refractive indices, the parametr8, C, andD o . 4
. . . -values ofEy with different PT contents are listed in Table
can be obtained in terms of least-square fit, as shown in

Table I. PMNxPT single crystals are transparent from 400 :iMLrIEP[ressliJrl]tsléngrlC:tflSt?:taof;';alog%gi_gzpeir:jirr%y c:_
to 5800 nm'° so in the low absorption wavelength range gle cry P P P

the refractive indices can be calculated by rameter and decreases with PT content.

2 — 2
() =5.6875 A?-0.0938 0.0217> A C. The Sellmeier optical coefficients

(PMN-0.24PT, (3) Equationg3)—«6) can be used to calculate the refractive
indices of PMNxPT single crystals in the wavelength region
0. of 400—-5800 nm and they fit the dispersion of the refractive

n’(\) = 5.5957 m& 0.4040x N2 index quite well. However, the parameteks B, C, andD
' have no special physical significance. An excellent long
(PMN-0.30PT, (4)  wavelength approximation, which has the physical signifi-
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FIG. 3. The dependence of the absorption coefficiénltis)? on wavelength (@
for PMN-0.24PT single crystal.
0.21
) . ) 0.20
cance of the oscillator parameters, is the single-term Sell- 019
meier relation as shown in following equatidh’ :
0.18
2 A
n2-1= SN _ B4 (9) 7047
_\2/32 2 _E2)’ c
(1-\gN)  (E5—-E) 016
wheren is the refractive index ak and E, which are the 0.15
wavelength and energy of the incident light, respectivily. 0.14
andE, are the average oscillator positions égdandE, are
the average oscillator strengths.andS, can be obtained by (b)

plotting (n?- 1)~ versus\~?, while E; and E4 by (n-1)~%
versus E2. The dependence ofni®-1)"* on A™2 and (n?
-1)"* on E? for PMN-xPT single crystals are shown in Fig.
4. The parameters are deduced from the slope of the re-

sulting straight fitting lines and from the infinite inter- PMN-XPT single crystals, like other ABEtype perovskite
cepts. The calculated values of the Sellmeier optical coefmaterials, such as PMN, PZN-xPT family, have the com-
ficients of PMN-XPT single crystals along with several mon basic BQ octahedron building block that determines
lead-based compounds with AB®ype perovskite struc- the basic energy levels in the crystal. The B-site ion has
ture are listed in Table Ill. Such parameters are related tstronger effect on the refined energy level than that of
the energy gap and energy excitatibrFor common  A-site. This determines they have similar values of Sell-
BOg-octahedral ferroelectrics, the values)gfandEy, are meier optical coefficients with a slight difference. In
very close although the B-site or A-site ions are com-Ph(B;B,)O; ferroelectric relaxors, the nanoregions, do-
pletely different.S, and E4 represent the average strength main structure, and order/disorder state of B-site cation
of interband optical transitions. They are related to thestructure have influences on the refractive index as well as
coordination and distribution of cations and anions. These®n the dielectric and piezoelectric behavior of the
values are more sensitive to the distortion of crystal latticecrystal®’*° For PMNxPT single crystals, Mg, Nb**, and

and the different B-site or A-site ions. As stated above,Ti*" ions occupy the same crystallographic site in the

FIG. 4. The dependence @) (n>-1)"* on A2, and(b) (n®-1)"* on E? for
PMN-xPT single crystals.

TABLE Ill. The Sellmeier optical parameters of PMRNRT single crystals and several lead-based materials at
633 nm wavelength at room temperature.

Materials n (X120 m?) Ng(um) Eq(eV) EqeV) Reference
PMN-0.24PT(single crystal 2.446 1.109 0.201 6.17 27.63 This work
PMN-0.30PTsingle crystal 2.501 1.124 0.206 6.06  28.52 This work
PMN-0.31PTsingle crystal 2.585 1.208 0.205 6.05 30.70 This work
PMN-0.33PTsingle crystal 2.593 1.170 0.209 5.94 30.31 This work
PMN-0.38PTsingle crystal 2.620(n,) 1.004 0.226 550 28.10 8,9

2.601(ng) 1.017 0.223 5.57 28.10 8,9
PMN (single crystal 2.522 1.013 0.216 573 27.22 6
PMN-0.30PTceramic$ 2.598 1.076 0.217 571 29.04 7
PbTiO; (ceramics 2.668(n,) 1.138 0.217 5.71 30.64 10

2.659(ne) 1.067 0.224 553  29.66 10
Pb(Zn,;;3Nb,5)O5 (PZN) (single crystal 2.54 1.064 0.214 5.80 28.2 18
PZN-0.04SPTsingle crystal 2.406(n,) 0.8 0.227 546 2252 7

2.356(ne) 0.7 0.236 5.25 20.48 7
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