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Abstract

The pure and Er3+-doped (0.5, 1.0, 2.0 and 5.0 mol.%) PMN–0.25PT transparent ceramics were fabricated. The phase formations were

investigated by X-ray diffraction patterns. The optical transmittance and absorption spectra were measured. The Er3+-doping in the region of 0.5–

2.0 mol.% can enhance the optical transmittance of Er3+-doped PMN–0.25PT transparent ceramics. The Er3+ doping can modify the optical

absorption near the band gap energy of PMN–0.25PT. The shift of the absorption edge to higher energy was observed in the case of the low doping

concentration (<2.0 mol.%) and the red-shift was found for the higher doping concentration (5.0 mol.%). This has been explained by the combined

effects of ion polarization and localized defect energy level. The direct energy gaps, the indirect energy gaps and phonon energy contributing in the

indirect transition were determined based on the theory of band to band transitions.
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1. Introduction

Pb(Mg1/3Nb2/3)O3 (PMN) with perovskite-structure is

known as the best representative of relaxor ferroelectrics [1].

Another perovskite-structure ferroelectric PbTiO3 (PT) has

been also paid attention because of various applications such as

actuators, capacitors, transducers, and micro-electromechani-

cal systems [2–4].

Mixed PMN and PT, (1 � x)Pb(Mg1/3Nb2/3)O3–xPbTiO3

(PMN–PT or PMN–xPT), where x means the mixing ratio, have

been also widely investigated from its large piezoelectric and

electrostrictive responses to applied electric field in single

crystals, bulk ceramics, and thick films [5]. PMN–PT materials

are suitable for applications in multilayer capacitors, actuators,

sensors, and electro-optical devices because the high dielectric

permittivity, high piezoelectric properties, and high electro-

striction [6]. Giant piezoelectric response has been observed in

a morphotropic phase boundary (MPB) composition at about
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x = 0.35 [7–9]. The influence of rare earth ions (RE) doping on

the phase transition behavior, and relaxor ferroelectrics of

PMN–PT have been widely have been reported [10].

In addition, PMN–PTs are the most promising nonlinear

optical materials because of its extremely high electro-optic

(EO) coefficient and strong photorefractive effect [11–13].

Uchino [14] has reported that quadratic EO coefficient of

0.88PMN–0.12PT (22 � 10�16 (m/v)2) is twice as large as that

of PLZT ((Pb,La)(Zr,Ti)O3) (R = 9 � 10�16 (m/v)2). Jiang

et al. [15] reported that EO coefficient of PMN–PT could

reach to a value of 28 � 10�16 (m/v)2. PMN–PT and ferro-

electric oxide materials doped with RE ions have been also

studied for optical amplification and laser [15,16]. Recently,

Ruan et al. [17,18] reported the excellent EO properties of La3+-

doped PMN–PT x/75/25 (which means La3+ concentration of

x = 2, 3, 4 at.% with PMN/PT ratio of 75–25) transparent

ceramics. Its Kerr constant is higher than 60 � 10�16 (m/v)2,

which was reported the highest among the well-known relaxor

ferroelectric systems [18]. It is necessary to study the

modification of RE ions doping on the optical properties of

PMN–PT transparent ceramics because this transparent host

material has excellent specialties, e.g., good optical clarity, high

optical damage threshold, and large EO effect. This will be

useful for application to electro-optics devices.
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Fig. 1. XRD patterns of PMN–0.25PT transparent ceramics doped with

different concentrations of Er3+ ions. Inset shows the enlargement of the partial

XRD patterns.
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In the present paper, the un-doped and 0.5, 1.0, 2.0 and

5.0 mol.% Er3+-doped PMN–0.25PT transparent ceramics were

fabricated. The crystal phases were checked by X-ray

diffraction patterns. The Er3+-doping in PMN–0.25PT trans-

parent ceramics is expected to modify the optical transmittance

near the band gap energy. The shifts behavior of the absorption

edge at different Er3+ doping levels has been discussed by the

combined effects of ion polarization and localized defect

energy level.Experiments

The transparent ceramics of un-doped Er3+-doped (0.5, 1.0,

2.0, 5.0 mol.%) Pb(Mg1/3Nb2/3)O3–0.25PbTiO3 (PMN–

0.25PT) were fabricated by a two-stage sintering method as

described by Ruan et al. [17]. The starting materials in Ruan’s

method to fabricate PMN–PT transparent ceramics are PbO,

MgO, Nb2O5 and TiO2. They sintered the samples at a

temperature �1000 8C for more than 8 h under hot-pressing of

50–100 MPa. The difference in this experiment from Ruan’s

method is that 4(MgCO3)�Mg(OH)2�5H2O was used as the

precursor material instead of MgO. The major advantages of

this method are that the pressure (20–80 MPa) is decreased and

the sintering time (6–8 h) is shortened.

Firstly, the mixtures of 4(MgCO3)�Mg(OH)2�5H2O and

Nb2O5 were ball-milled for 2 h. The slurry was dried and pre-

heated at 1000 8C for 4 h. Secondly, PbO (excess of 5–10% for

liquid-phase sintering) and TiO2 were added into the powders

obtained in the first step. The mixtures were ball-milled for

24 h. The slurry was dried again and heated at 950 8C for 2 h

and then uniaxially pressed into pellets. Thirdly, the pellet was

sintered in an oxygen atmosphere at 950–1000 8C, and then

hot-pressed at 1100–1200 8C for 6–8 h at pressure of 20–

80 MPa. Disk specimens of 17 mm in diameter and 15 mm in

thickness, to be used for measuring the optical absorption, were

mirror polished on both surfaces.

The XRD pattern was collected on a Rigaku D/Max-2000

diffractometer operating at 40 kV, 30 mA with Bragg–Brentano

geometry by using Cu Ka radiation (l = 1.5418 Å). The optical

transmittance and absorption were measured by a Shimadzu UV-

3100 UV–VIS–NIR spectrophotometer. The experiments were

performed at room temperature.Results and discussionFig. 1

shows the XRD patterns of PMN–0.25PT transparent ceramics

doped with different concentrations of Er3+ ions (0.5, 1.0, 2.0,

5.0 mol.%). The crystal faces, e.g. [1 0 0], [1 1 0], [2 0 0], etc.,

exhibit sharp and symmetric single diffraction peaks with

rhombohedral symmetry. The main crystal phase of all the Er3+-

doped PMN–0.25PT transparent ceramics is perovskite struc-

ture. However, in 5.0 mol.% Er3+-doped PMN–0.25PT trans-

parent ceramic, the presence of a peak [2 2 2] from pyrochlore

phase as marked in Fig. 1 was observed, but the perovskite phase

still keep more prominent. X-ray diffraction measurement was

used to calculate the relative content of the perovskite phase,

kperov (in %), using an approximate equation:

kperov ¼
Iperov � 100

Iperov þ Ipyro

(1)

where Iperov and Ipyro were the integral intensity of the [1 1 0]

perovskite diffraction peak and the [2 2 2] pyrochlore diffrac-

tion peak, respectively [19,20]. The relative content of the
pyrochlore phase in PMN–0.25PT:Er3+ 5.0 mol.% is about

2.0%. The replacement of Pb2+ by Er3+ might lead to the

agglomeration of Pb2+ at the grain boundary, since the reaction

activity between Pb2+ and Nb5+ is larger than that of Mg2+,

pyrochlore phase is easy to form. Zheng et al. [16] suggested

that in Er3+-doped PMN–PT thin films the outward diffusion of

Nb5+ and the inward diffusion of Ti4+ could compensate Er3+ on

the B site positions to achieve charge balancing. Consequently,

Er-substitution results in Nb-rich and Nb-poor regions, and

results in the second phase generation when a certain amount of

Er3+ doping is achieved (0.5 mol.%). The Nb-rich regions are

pyrochlore, whereas the Ti-rich regions remain perovskite. The

results in Fig. 1 indicate that the maximum tolerated doping

concentration in Er3+-doped PMN–PT transparent ceramics

(5.0 mol.%) is much higher than that of Er3+-doped PMN–

PT thin film (0.5 mol.%).

With increasing Er3+ doping, all the XRD peaks shift toward

to the smaller diffraction angle (inset in Fig. 1), indicating that

the lattice constants of Er3+-doped samples become larger than

those of un-doped one. The polycrystalline nature of PMN–PT

transparent ceramics makes this material homogenous in

structure, and thus polarization independent. This feature is

especially convenient in devices design since there would not

need to consider the crystal orientation that is usually

troublesome in single crystal materials [15].

The transmittance spectra of un-doped and Er3+-doped

PMN–0.25PT transparent ceramics in UV–visible and IR

region are shown in Fig. 2. The ceramics are all transparent in

the visible and IR region. The samples become completely

absorbing around 400 nm, indicating an optical absorption edge

in near UV. This is similar to the PMN–PT single crystal [21] or

the most oxygen-octahedral perovskites [22]. Since the

refractive index is about 2.3 in infrared region and 2.44 at

633 nm, the reflection loss at the air/ceramic interface is

estimated to be about 29%, which is similar to the value

obtained in the La3+-doped PMN–0.25PT transparent ceramic

[17]. Except for the absorption by the material, the light losses

are mainly caused by the scattering due to domain walls.
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Fig. 2. The transmittance curves of the PMN–0.25PT transparent ceramics

doped with different concentrations of Er3+ ions.

400 600 800 1000 1200 1400 1600

0.5

1.0

1.5

400 450 50 0 550 60 0 650

1

2
Er3+:
0, 5.0, 0.5, 1.0, 2.0 mol %

Er3+ 5.0 mol %

Er3+ 2.0 mol %

Er3+ 0.5 mol %
Er3+ 1.0 mol %

4 F 7/
2

 O
pt

ic
al

 d
en

si
ty

 (a
. u

.)

Wavelength (nm)

2H
11/2

4F9/2

4I9/2

4I11/2

4I13/2

 O
pt

ic
al

 d
en

si
ty

 (a
. u

.)

Wavelength (nm)

Fig. 4. The absorption spectra of Er3+ ions doped PMN–0.25PT transparent

ceramics with thickness of 1.5 mm. To compare one spectrum with another, the

absorption of PMN–0.25PT:Er3+ 1.0, 2.0, and 5.0 mol.% are shown by some up-

shifts. Inset shows the enlarged absorption spectra in the region of near optical

bang gap.
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The transmittance of un-doped PMN–0.25PT in the visible

region can be estimated to be 43.0%. The transmittance of

PMN–0.25PT transparent ceramics with Er3+ doping levels of

0.5, 1.0 and 2.0 mol.% are 50%, 53%, and 57%, respectively.

The absorption peaks from the ground state 4I15/2 to the upper

states can be clearly observed in the transmittance spectra of

PMN–0.25PT:Er3+ transparent ceramics.

In comparison with the un-doped PMN–0.25PT, the

increasing of Er3+ doping from 0.5 to 1.0 and 2.0 mol.%

gradually enhances the transmittance. However, the transmit-

tance is lower in the case of heavy Er3+ 5.0 mol.% doping

(28.0%). This can be seen in the photographs of the un-doped

and Er3+-doped PMN–0.25PT transparent ceramics with

various contents (0.5, 1.0, 2.0 and 5.0 mol.%) as in Fig. 3.

Each pellet is about 17 mm in diameter and 1.5 mm thick. All

the letters under the ceramics can be seen, however, the samples

doped at different concentrations show different transparencies,

which are in consistent with the transmittance spectra in Fig. 2.

In order to examine the optical band gap energy for the

PMN–0.25PT:Er3+ transparent ceramics, the optical absorption

spectra were recorded in the UV–visible and IR region. Fig. 4

shows the absorption spectra in the range from 200 to 1650 nm.

It is well known that the main feature of the absorption edge of

semiconductors, particularly at the lower values of the

absorption coefficient, is an exponential increase of the

absorption coefficient a(n) with photon energy hv in

accordance with an empirical relation [23]:

a ¼ a0exp
hv

DE

� �
(2)
Fig. 3. The photos of Er3+-doped PMN–0.25PT transparent ceramics (1.5 mm

thick). The numbers in the photo are the Er3+ doping levels in mol.%.
where a0 is a constant, DE is the Urbach energy and n is the

frequency of radiation. The absorption coefficient a(n) can be

determined near the edge using the formula:

aðnÞ ¼ 2:303 � OD

H
(3)

where OD is the optical density in Fig. 4, and H the thickness of

the samples (cm).

On the absorption spectra in Fig. 4, the strong absorption

bands can be seen near 500, 650, 1000, and 1500 nm,

corresponding to the excited energy levels of Er3+. The

intensity of Er3+ absorption bands increases rise with increasing

Er3+ concentration. It appeared that, even when the Er3+ doping

reaches as much as 5.0 mol.%, there is no indication of

saturation and appearance of new band.

In the un-doped PMN–0.25PT ceramic, the cut-off absorp-

tion edge is not so steep (inset in Fig. 4), i.e., there seems to

have a broad absorption band at 2.883–2.254 eV (430–

550 nm). This absorption band locates just near the absorption

edge of PMN–PT so that it decreases the transmission in this

region. However, for the Er3+-doped PMN–0.25PT transparent

ceramics, this absorption band apparently disappeared. This is

consistent with the enhancement of optical transmittance in the

case of Er3+ doping in Fig. 2.

This optical improvement can be interpreted by the

assumptions that the some possible color centers in pure

PMN–PT could disappear after the Er3+ doping. Usually it is

unavoidable that the evaporation of PbO could take place

during the growing process of crystals and ceramics with Pb-

composition. The lead vacancies as negative charge centers

induce the appearance of negative charge centers related to

VPb
00, which could be the origin of the absorption bands in

visible wavelength region. As a matter of fact, the trivalent ions

are considered as being able to replace the Pb2+ ions, which

creates the positive charge center related to, e.g. (Er3+
Pb)�,

which could inert the optical activity of VPb
00 due to most
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probable [2Er3+
Pb)�–VPb

00] complexes.The similar mechanism

has been well approved in scintillating crystal PbWO4. In

general, there are obvious absorption bands with maxima

peaking at 2.95–3.10 eV (400–420 nm) and 3.54 eV (350 nm)

in the absorption edge of pure PbWO4, which greatly decreases

the transmission in these wavelength regions [24]. To date, the

commonly accepted viewpoint is that the so-called 350- and

420-nm absorption bands are related to hole-centers connecting

with VPb. However, the optical transmission can be significantly

improved by doping with trivalent ions, such as La3+, Y3+, Gd3+

and Lu3+ [25]. These trivalent ions could compensate the Pb2+-

deficiency, thus reduce the densities of the Pb2+-related defects.

Han et al. [26] have investigated the dielectric relaxation

spectra of La3+-doped PbWO4 and concluded that the observed

polarization was most probably due to the creation of

[2(La3+
Pb)�–VPb

00] dipole complexes.

In Fig. 4, in comparison with the un-doped sample, the blue

shift of the optical absorption edges in PMN–0.25PT:Er3+ 0.5,

1.0, and 2.0 mol.% can be observed. For the 5.0 mol.% Er3+-

doped PMN–0.25PT, the optical absorption edge returns to the

lower energy region, i.e., red-shift.

It is known that the fundamental optical transitions include

the direct transition and the indirect transition. The funda-

mental interband transitions of the PMN–PT include both direct

and indirect transitions [27] According to Fermi’s golden rule

the absorption due to the allowed direct transition at hv � Eg is

expressed as follows:

ðahnÞ / ðhn � EgdÞ1=2
(4)

where a is the absorption coefficient, hv is the incident photon

energy, and Egd is the allowed direct band gap.

In the indirect transition, the electron transit from the top of

the valence band to the bottom of the conduction band with co-

participation of photons and suitable phonons. The absorption

is expressed as follows [28]:

ðahnÞ / ðhn � Egi � EpÞ2 (5)

where Egi is the indirect energy gap, and Ep is the energy of the

absorbed (+) or emitted (�) phonons. The plots of the (ahn)2

versus hv for the un-doped and Er3+-doped (0.5, 1.0, 2.0, and

5.0 mol.%) PMN–0.25PT transparent ceramics in the photo

energy region from 2.0 to 3.0 eV are shown in Fig. 5. The

indirect energy gaps were determined by extrapolating the

linear portion of the curves to zero, which are listed in Table 1.

The dependences of (ahn)1/2 on hv are show in Fig. 6. As

an example of PMN–PT:Er3+ 2.0 mol.%, the values of
Table 1

The values of direct band-gap Egd, indirect band gap Egi and the energy of the

phonon Ep for undoped and Er3+-doped PMN–0.25PT transparent ceramics.

Doping levels Egd (eV) Eg1 (eV) Eg2 (eV) Ep (cm�1) Egi (eV)

0 mol.% 2.85 � 0.01 2.505 2.311 783 � 10 2.408

0.5 mol.% 2.96 � 0.01 2.623 2.428 785 � 10 2.526

1.0 mol.% 2.99 � 0.01 2.721 2.524 788 � 10 2.622

2.0 mol.% 3.02 � 0.01 2.783 2.588 785 � 10 2.686

5.0 mol.% 2.91 � 0.01 2.553 2.359 784 � 10 2.456
Eg1 = Egi + Ep and Eg2 = Egi � Ep were obtained to be

Eg1 = 2.783 eV and Eg2 = 2.5581 eV by extrapolating the

(ahn)1/2 versus hn curve to zero. The indirect transition energy

gap and the phonon energy could be determined as Egi = 1/

2(Eg1 + Eg2) = 2.686 eV and Ep = 1/2(Eg1 � Eg2) = 0.0975 eV

(785 cm�1), respectively. The values of phonon energy listed

in Table 1 are similar to that of PMN–0.24PT single crystal

(790 cm�1) [27] or PMN–PT thin film (791.6 cm�1) [13]

recorded by Raman spectra.

The phonon around corresponding to the Nb–O–Mg bond

stretching mode, which is sensitive to the distortion of the BO6

octahedra (B = Ti, Nb, Mg), plays an important role in the

indirect transition. It is found that the band gap energy (the

indirect transition energy) of Er3+-doped PMN–0.25PT

decreases with increasing the Er3+ doping concentration from

0.5 mol.% to 2.0 mol.%. The decrease, however, stops when the

concentration is 5.0 mol.%.
2.0 2.2 2. 4 2.6 2. 8 3.0

0.5 Eg2
Eg1

(
hv

)1

hv (eV)

Fig. 6. The (ahn)1/2 versus photon energy (hn) PMN–0.25PT:Er3+ transparent

ceramics with thickness of 1.5 mm for the different Er3+ doping levels 0 mol.%

(a), 0.5 mol.% (b), 1.0 mol.% (c), 2.0 mol.% (d), and 5.0 mol.% (e).
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In A(B1B2)O3-type perovskite materials, the BO6 (TiO6,

NbO6, and MgO6) octahedron building block determines the

basic energy level. The B-cation d orbitals associated with its

octahedron govern the lower lying conduction bands and while

the O-anion 2p orbitals and its octahedron rule the upper

valence bands. Other ions in the structure contribute to the

higher-lying conduction band and have small effects. Further-

more, the (B1B2)O6-octahedra structure has more significant

effect on the optical properties of crystal than the A-site ions

[22]. However, the doping of trivalent rare earth ions in PMN–

PT could induce some disordering on the A sites, which can

induce the changes of band gap absorption edge.

Like ABO3-type and (1 � x)PMN–xPT perovskite com-

pounds (1 � x)PMN–xPT has a common oxygen-octahedra

structure that determines the basic energy level of the crystal

[22,29]. The absorption edge of PMN–PT has been suggested to

be caused by the transition from the O(2p) ground state to the B-

site cation d orbits [21,27]. Therefore, the change of the

distribution of the O2� ion electron will directly affect the

forbidden band gap.

The displacement of the indirect transition absorption edge

of Er3+-doped PMN–0.25PT transparent ceramics may be

interpreted by using the ion-polarization model as follows.

Science the polarizability of Er3+ is less than that of Pb2+, the

substitution of Er3+ into the Pb2+ sites in the PMN–PT lattice

will give rise to decrease of the polarization of O2� and thereby

the energy of an electron transition from O(2p) ground state to

the B-site cation d orbits will increase, leading to blue shift of

the indirect transition absorption edge.

With increasing Er3+ doping level in PMN–0.25PT, the

induced defects play an important role on the band gap

absorption. Gupta et al. [30] have investigated the electrically

induced strain and polarization studies of La3+ modified

morphotropic phase boundary PMN–PT ceramics. It has been

suggested that the charge unbalance due to La3+ substitution on

the A-site was compensated by: (1) B-site vacancies, and (2)

changing Mg/Nb/Ti ratio on the B-site. It has been found that

non-stoichiometric ordering increases when La3+ is compen-

sated by B-site vacancies (LaPMN–PT) and it decreases when

La3+ is compensated by Mg/Nb/Ti (PLMN–PT).

On the other hand, with increasing the density of defects (or

impurities), the band structure of PMN–PT is perturbed by the

potential of the defects as well as by the localized strains

induced by the defects. At high density the discrete energy

levels of localized defect become a continual energy band. The

defect energy bands tend to overlap with the conduction band

and/or valence band of the PMN–PT, resulting in contraction of

the optical gap.

4. Conclusions

The un-doped and 0.5, 1.0, 2.0 and 5.0 mol.% Er3+-doped

PMN–0.25PT transparent ceramics were fabricated. PMN–

0.25PT:Er3+ 0.5, 1.0, 2.0, 5.0 mol.% transparent ceramics

present perovskite structure. However, 5.0 mol.% Er3+-doped

PMN–PT transparent ceramic presents small pyrochlore

impurity phase (below 2.0%). The Er3+-doping in the
concentrations of 0.5–2.0 mol.% can greatly enhance the

transmittance, however, heavy Er3+-doping, e.g., 5.0 mol.%

deteriorates the transmittance. Er3+-doping shows an obvious

modification on the optical transmittance and absorption edge,

which shows a violet-shift in the case of PMN–0.25PT:Er3+ 0.5,

1.0, and 2.0 mol.% compared to the un-doped sample.

However, the absorption edges move toward lower energy

when the Er3+ content is doped in 5.0 mol.%. The polarization

effect may dominate with low values of Er3+ concentration

(<2.0 mol.%), whose band gaps are broader than that of pure

sample. However, the localized defect energy level effect

dominates in heavily doped PMN–0.25PT transparent ceramic.
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