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a b s t r a c t

The optical properties of erbium impurities in strontium barium niobate are investigated measuring opti-
cal absorption and emission in the visible and near infrared spectral region. For the main fluorescence
band at 1.55 lm, an anomalous dependence of the fluorescence decay time on dopant concentration is
found which, however, can be consistently explained by reabsorption effects. A Judd–Ofelt analysis of
the absorption spectra together with an appropriate analysis of the reabsorption yields a radiative quan-
tum efficiency of approximately 60%. In addition, erbium dopants are shown to efficiently influence the
phase transition temperature of strontium barium niobate.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Triply ionized erbium atoms, Er3+, are widely used as infrared
fluorescent agents in different glasses for broadband optical ampli-
fiers in data transmission lines (Erbium Doped Fiber Amplifiers,
EDFAs). Crystalline host materials could extend these applications,
e.g., to integrated amplifiers and to self-frequency converting
lasers. One of the most promising host material for such applica-
tions is strontium barium niobate, SrxBa1�xNb2O6 – henceforth
denoted as SBN. Due to its interesting dielectric, photorefractive,
electro-optic, and nonlinear optic properties, the solid solution
SBN has gained considerable interest for potential applications.
These include pyroelectric detection [1], surface acoustic wave
devices [2], electro-optic modulation [3], holographic data storage
[4], phase conjugation [5], and the generation of photorefractive
solitons [6]. High nonlinear optical coefficients make it suitable
for quasi-phase-matched [7] or random optical frequency doubling
[8–10].

SBN crystallizes in a tetragonal tungsten bronze structure over a
wide solid solution range, the existence region of this tetragonal
phase could be recently determined [11] to be 0.26 6 x 6 0.87
(experimentally as single crystals realized 0.32 6 x 6 0.82).
Throughout this tetragonal phase, SBN is ferroelectric at low tem-
peratures (point group 4 mm, space group P 4 b m) and paraelec-
tric at high temperatures (point group 4/m mm, space group P 4/
m b m). The phase transition of SBN is of relaxor type (see e.g.,
[12]), the transition temperatures depend on the composition
and vary from 290 K (x = 0.82) to 500 K (x = 0.32) [13]. The exact
type of the phase transition is still controversely discussed (see
[14–16], and references cited therein).

Dopants have been shown to modify the properties of SBN dis-
tinctly. Thus, e.g., the phase transition temperature can be greatly
varied by doping with cerium and chromium [17] or with europium
[18]. Luminescent dopants can be used to tailor the fluorescence
properties of SBN for various novel applications. Neodymium doping
allows for coherent light generation [19,20] and for self frequency
conversion [21,22]. Other trivalent lanthanide ions have been char-
acterized and tested for applications, too (see, e.g., Refs. [23–30]).

In this work, we present comprehensive results on Er3+ in SBN
concerning distribution coefficients, influence on the phase transi-
tion, optical absorption and emission.
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2. Results and discussion

The crystals for our investigations were grown from the congru-
ently melting composition of SBN (SrxBa1�xNb2O6 with x = 0.61)
using the Czochralski technique. Details of the growth process
are described in Ref. [11]. Er2O3 was added to the melt in a series
ranging from 0 to 2 mol%.

2.1. Distribution coefficient

The erbium content in the crystals was determined using accu-
rate X-ray fluorescence measurements, for details of the measure-
ment and the evaluation procedure see Ref. [11]. The distribution
coefficient d – the ratio between crystal and melt concentrations
– was found to be approximately constant in our doping range

d ¼ ccrystal
Er =cmelt

Er ¼ 0:54� 0:02: ð1Þ

Compositions given throughout this article will refer to the crystal
concentration, i.e., the molar percentage of Er per Nb or – which
is accordingly equal – the molar percentage of Er2O3 per
SrxBa1�xNb2O6.

2.2. Phase transition temperature as a function of Er doping

SBN undergoes a structural phase transition from a ferroelectric
low-temperature to a paraelectric high-temperature phase at a
temperature Ti = 350 K (for x = 0.61). This transition temperature
depends distinctly on composition and doping concentration.

Usually this transition temperature is yielded from direct pyro-
electric measurements of the polarization decay when heating pre-
viously poled samples [13]. To get this transition temperature,
however, both, for heating and for cooling, we measured the tem-
perature dependence of the optical second harmonic intensity,
ISHG(T), on unpoled samples. As fundamental light source a pulsed
Nd:YAG-laser was used (repetition rate 20 Hz, pulse width 5 ns,
pulse energy 50 mJ). The samples’ heating and cooling rate during
the measurements was approximately 40 K/h.

The second harmonic intensity is proportional to the square of
the effective tensor element of the second order nonlinear suscepti-
bility, which in turn is proportional to the ferroelectric polarization,

ISHGðTÞ / d2
effðTÞ / P2ðTÞ: ð2Þ

Thus from the second harmonic measurements the temperature
dependence of the ferroelectric polarization P(T) for heating and
for cooling can be derived. The inflection point Ti of this tempera-
ture dependence usually is regarded as the transition temperature
or – better – as the center of the transition region (Curie region)
in a relaxor ferroelectric [17].

The results of these measurements are summarized in Fig. 1.
The thus defined transition temperatures Ti depend linearly on
the erbium concentration cEr both for heating (up) and cooling (dn)

T i; up ¼ �26:6cEr þ 351:0; ð3Þ
T i; dn ¼ �32:3cEr þ 347:8 ðcEr in mol%; T i in KÞ: ð4Þ

The phase transition is strongly shifted to lower temperatures with
increasing erbium content. The difference between the two values
Ti, up and Ti, dn, i.e., the phase transition’s hysteresis, increases, indi-
cating an increase in the relaxor behavior. Erbium, thus, besides
defining the optical properties, turns out to be an effective tool
for modifying the phase transition properties of SBN.

2.3. Absorption spectra

The polarized absorptions spectra were measured in the visible
and near infrared spectral regions using a Bruins Instruments

Omega 10 spectrometer. The results for the three relevant polariza-
tions – a,p, and r –, are depicted in Fig. 2. All transitions are start-
ing from the ground state level 4I15/2. The absorption bands are
labeled each with the excited state level involved in the respective
transition. The assignments are made according to the data for the
free-ion energy level scheme of Er3+ given by Dieke [31].

The measurements were performed both, at room temperature
(300 K) and at a temperature of 10 K. At both temperatures the
spectra show a distinct broadening of all absorption lines which
is only slightly more expressed at the higher temperature. That
even the low temperature spectra show broad lines, can be
explained by statistical variations in the environment of the dop-
ant ions. Due to EXAFS measurements [28] erbium ions occupy
niobium sites. For these sites, the first nearest neighbor shell
consists of six oxygens. Due to the unfilled tungsten bronze
structure of SBN, the second nearest neighbor shell, however, is
characterized by a statistical distribution of barium-occupied,
strontium-occupied, and empty sites. This results in a large
number of different environments and, accordingly, in a respective
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Fig. 1. Transition temperature Ti (i.e., inflection point) of the ferroelectric polari-
zation as a function of the erbium content in SBN. Full circles: heating, open circles:
cooling. The lines are linear fits to the experimental data. In the inset a typical
measurement of the heating and cooling behavior is shown.
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Fig. 2. Absorption lines of erbium ions in SBN in the visible and near infrared
spectral regions for the three polarizations a, p, and r at a temperature of 10 K
(upper) and 300 K (lower), respectively. All transitions are starting from the 4I15/2

ground state level, the respective excited state levels are indicated.
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distribution of the local field at the erbium sites, yielding the
broadening found in the spectra.

2.4. Judd–Ofelt analysis

Electric dipole transitions between two states of 4fN configura-
tion of rare earth ions, which are forbidden for free ions, become
allowed in the crystal field by mixing into the 4fN configuration
another configuration (4fN�1 5d1) of opposite parity. The matrix ele-
ments of the electric dipole operator are calculated by considering
the crystal field as a first-order perturbation.

According to the theory of Judd [32] and Ofelt [33], the line
strengths for electric dipole transitions can be referred to three
intensity parameters X2, X4, and X6, the so-called Judd–Ofelt
parameters. The line strength for a transition from an initial multi-
plet J to a final one J0 is given by

Sed; cal
JJ0 ¼

X
t¼2;4;6

Xt jh4f n½aSL�JjjUðtÞjj4f n½a0S0L0�J0ij2: ð5Þ

In Eq. (5), the jhkU(t)kij2 are the squared reduced matrix elements of
the unit tensor operators U(t) connecting the initial and final
multiplets.

For magnetic dipole transitions, the line strength Smd is defined as

Smd½ðS; LÞJ; ðS0; L0ÞJ0� ¼ 1
4m2c2 jhðS; LÞJjjLþ 2SjjðS0; L0ÞJ0ij2 ð6Þ

with m – electron mass and c – velocity of light. Numerical values
for the matrix elements in Eqs. (5) and (6) can be calculated accord-
ing to Carnall et al. [34,35] and Weber [36]. The integral intensity B
over an absorption band then can be written as

B ¼
Z

band
adk ¼ 2p2e2�kq

3e0chð2J þ 1Þn2 �
nðn2 þ 2Þ2

9
Sed þ n3Smd

 !
; ð7Þ

where a is the absorption coefficient, �k the mean absorption wave-
length, e the electron charge, q the erbium concentration, e0 the
vacuum permittivity, h Planck’s constant, (2J + 1) the multiplicity
of the ground level, and n the refractive index. In an optically aniso-
tropic material like SBN, for the absorption coefficient and the
refractive index the appropriate spatial averages have to be calcu-
lated, using the three fundamental polarization directions.

Eqs. (5)–(7) define a system of linear equations for the Xt which
is over-determined – the number of absorption bands is larger than
the number of Judd–Ofelt parameters. It can be solved applying a
conventional least-square-fit solution scheme. Using the room-
temperature absorption spectra, appropriate refractive indices
[37], and the matrix elements calculated by Weber [36] and Carnall
et al. [35], we calculated the Xt for different concentrations of Er3+.
The values derived did not show any dependence on the concentra-
tion which proves that – up to our highest concentrations – no
interaction effects between different Er3+ ions affect the optical
absorption. The X values are summarized in Table 1.

With the experimental and calculated absorption band intensi-
ties, Bexp and Bcalc, the relative root mean square error (RRMSE) for
the fit, defined as

RRMSE ¼ 1
n

Xn

k¼1

Bexp
k � Bcalc

k

� �2

Bexp
k

� �2

0
B@

1
CA

1=2

ð8Þ

was found to be 18%. This can be regarded as a measure for the
accuracy of the numerical results.

2.5. 4I13/2) 4I15/2 luminescence

The luminescence measurements on the main fluorescence
band at 1.55 lm were performed on cube-shaped samples, typi-
cally 5�5�5 mm3 sized, using an Amko 0.25 m monochromator
and a suitable photodiode for detection. As excitation source a fre-
quency-doubled Nd:YAG laser at 0.53 lm was used. Luminescence
spectra for different erbium concentrations are shown in Fig. 3.

For comparison, two typical of the corresponding absorption
spectra are shown, too – one for low, one for high erbium concen-
tration. While the absorption bands do not show any expressed
dependence on erbium concentration, the 4I13/2) 4I15/2 lumines-
cence band broadens distinctly with increasing erbium content.

Possible explanations for this behavior include:

(1) A non-thermalized occupation of the 14 possible 4I13/2 suble-
vels at low erbium content in contrast to a better thermal-
ized one at higher concentration.

(2) Reabsorption of fluorescence light [38,39] could trap radia-
tion and redistribute excitation energy from higher to lower
energetic excited state. This would explain that the broaden-
ing mainly enhances the low-energy side of the lumines-
cence band.

To decide between the two explanations, we modified the
geometry exciting a sample deeper in the bulk. The enforced
broadening (dash-dotted line in Fig. 3) indicates that the second
explanation is to be favored and one has to deal with reabsorption
effects.

2.6. Lifetime and quantum efficiency

To get information about the quantum efficiency of the
4I13/2) 4I15/2 transition we measured the luminescence decay fol-
lowing pulsed laser excitation. The results are plotted in Fig. 4. The
strictly linear behavior in the semi-logarithmic representation
proves a strongly exponential decay with a uniform decay time
for each of the samples. The decay time, i.e., the lifetime of the ini-
tial level 4I13/2, increases with increasing erbium content.

At low erbium concentrations the lifetime is approximately
3.4 ms, it increases up to approximately 5.7 ms for erbium concen-
trations around 1 mol%. The lifetimes for the various concentra-
tions are plotted in the inset of Fig. 4.

As discussed before, SBN undergoes a structural phase transi-
tion from a ferroelectric to a paraelectric phase at temperatures be-
tween 310 and 360 K depending on the erbium concentration. To
check the influence of this symmetry modification on lifetime
and quantum efficiency, we measured all decay curves over the

Table 1
Judd–Ofelt parameters X for Er3+ in strontium barium niobate.

X2 X4 X6

1.17 0.49 0.18 �10�24 m2
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Fig. 3. 1.55 lm luminescence of erbium-doped SBN measured at room temperature
on samples with different Er content (full lines). The dash-dotted line represents a
spectrum measured at modified geometry (see text). For comparison, two of the
corresponding absorption bands are plotted, too (dashed lines).
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temperature range 285–405 K. For all of our erbium concentrations
the measured lifetimes were found to be constant throughout this
temperature range. This indicates – in contrast to the behavior
found, e.g., for europium [18] – that the luminescence properties
of erbium are insensitive to the symmetry changes caused by the
phase transition.

The spontaneous emission rate A, which determines the radia-
tive lifetime of a transition, can be calculated as sum of electric
and magnetic dipole contributions from the respective line
strengths Sed and Smd [40]

AJ0J ¼ Aed
J0J þ Amd

J0 J ¼
16p3e2

3�0hð2J0 þ 1Þk3

nðn2 þ 2Þ2

9
Sed

J0 J þ n3Smd
J0J

( )
; ð9Þ

�k being the mean wavelength of the band, n the refractive index,
and h, �0, e the usual constants.

Using the Judd–Ofelt parameters Xt and the transition matrix
elements given by Weber [36] and Carnall et al. [35], we get the to-
tal spontaneous emission rate for the 4I13/2) 4I15/2 transition

Atot ¼ Aed þ Amd ¼ 170 s�1: ð10Þ

The corresponding radiative lifetime of the 4I13/2 level is 5.9 ms.
Usually one would compare this value with the measured total
lifetimes to calculate the radiative quantum efficiencies for the
transition in different samples. The thus calculated efficiencies
would reach approximately 95% at concentrations around 1 mol%.

Taking the previously discussed reabsorption into account,
however, leads to different results. The time dependence of the
upper level excess occupation N, i.e., the occupation difference to
the thermal equilibrium state, can be described by the first order
differential equation

dN
dt
¼ �N

s
¼ � N

sn
� N

sr
þ N

sr
R; ð11Þ

where s is the total lifetime, sn and sr are the nonradiative and the
radiative lifetimes, respectively, and R is a factor describing the
repopulation of the excited states by reabsorption of emitted light.
Due to reabsorption, the total lifetime increases, radiation is
trapped. Accordingly, the effective quantum efficiency decreases.

The factor R describing the reabsorption effects should be
increasing with increasing erbium content c, albeit has to be kept
less than one, therefore we use a one-parameter exponential
ansatz

R ¼ 1� expð�acÞ ð12Þ

with a constant fit parameter a. This ansatz defines R to depend lin-
early on the erbium concentration at low concentrations and to ap-
proach unity at very high concentrations. The strictly exponential
decay even at our highest concentrations requires that R does not
depend on N.

From a fit to our experimental decay time data – shown as the
full line in the inset of Fig. 3 – the parameter a can be derived to be
a = 1.2 (mol%)�1. The nonradiative lifetime sn is yielded from an
extrapolation to zero erbium concentration, sn ¼ 8:1 ms. Compar-
ing this value with the radiative lifetime results in a quantum
efficiency of approximately 60% in the low concentration limit.
Due to the reabsorption factor R in Eq. 11 the total lifetime is in-
creased with increasing erbium concentration, radiation is trapped
and thus delayed, less radiation escapes. Thus the effective quan-
tum efficiency for our geometry decreases to approximately 30%
at higher erbium concentrations. This contrasts highly to the
efficiencies derived directly from the measured total and calcu-
lated radiative lifetimes without taking reabsorption effects into
account.

2.7. Upconversion luminescence

The quantum yield in the 1.55 lm luminescence of erbium ions
is known to be affected by upconversion. On the other hand upcon-
version may be utilized for the generation of light at shorter wave-
lengths. The typical luminescence bands found in upconversion
spectra are shown in Fig. 5.

The spectra were measured using a Spex 0.75 m monochroma-
tor in combination with appropriate photomultipliers and a pho-
ton counting system. To show the band shapes, the intensities
are normalized. As upconversion is a nonlinear process, the real
intensities depend strongly on excitation intensity and on excita-
tion wavelength.

Two processes usually control the upconversion in erbium, ex-
cited state absorption (ESA) and energy transfer upconversion
(ETU). To distinguish, which of these is the dominating one for
our erbium concentrations in SBN, we measured the decay times
of all upconversion bands. For this purpose we used pulsed excita-
tion at 0.8 lm and at 1.48 lm. For ETU one would expect decay
times similar to the total lifetime of the 4I13/2 level, for ESA shorter
ones. For all bands the decay times measured were distinctly short-
er than that expected for 4I13/2 level ETU.

The measured decay times are listed in Table 2. For comparison,
we calculated the radiative lifetimes for the transitions using the
Judd–Ofelt parameters and the transition matrix elements as
described above. From the comparison, the radiative fractions,
i.e., the fraction of excited states decaying radiatively, are derived.
These values are listed in Table 2, too.

0 2 4 6 8 10 12 14

−2

−1.5

−1

−0.5

0

Time [ms]

Ln
 (n

or
m

al
iz

ed
 in

te
ns

ity
)

0.01% Er
0.27% Er
0.54% Er
1.08% Er

0 0.5 1
3

4

5

6

Erbium content cEr [mol %]
Li

fe
tim

e 
 [m

s]

Fig. 4. Decay of the 4I13/2) 4I15/2 luminescence following pulsed excitation for SBN
samples with different erbium content. In the inset the lifetimes derived from the
decay curves are plotted; also shown is the fit using the reabsorption ansatz (see
text).

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
Wavelength [μm]

In
te

ns
ity

 [a
rb

. u
ni

ts
]
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All these experimental data show that ETU can be neglected – at
least at our erbium concentrations up to 1 mol%. Accordingly all
upconversion bands must be referred to ESA.

3. Summary

Besides defining the optical properties, erbium doping of stron-
tium barium niobate crystals strongly affects the phase transition
from the low-temperature ferroelectric to the high-temperature
paraelectric phase of SBN. The transition temperature decreases
linearly from 350 K for undoped SBN to approximately 315 K for
a doping level of 1.1 mol% erbium. Due to the crystal structure of
SBN doping with erbium does not seem to saturate, the distribu-
tion coefficient is found to remain constant. Thus the phase transi-
tion temperature might be shifted even further using higher
doping concentrations, broadening the transition at the same time.

While the form of the absorption spectra is not affected by the
erbium concentration, the form of the infrared luminescence band
at 1.55 lm strongly depends on the erbium content and on the
excitation geometry. This is due to reabsorption effects which thus
have to be considered when the radiative quantum efficiency is de-
rived from the radiative and the total lifetimes. Reabsorption can
be included in the description of the decay time by an additional
factor in the respective differential equation. Measuring the decay
times for different concentrations and calculating a fit to these data
yields the quantum efficiency as the extrapolation to the zero con-
centration limit. In the case of SBN, it is approximately 60%.

Decay time measurements on the upconversion bands show
that only excited state absorption has to be considered, energy
transfer upconversion may be neglected – at least up to 1 mol% er-
bium content.
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Table 2
Measured total lifetimes, calculated radiative lifetimes, and there-from derived
radiative fractions for the visible and near infrared upconversion bands in erbium-
doped SBN (erbium content 6 0.6%).

Wavelength
(lm)

Transition Lifetime (ms) Radiative
fractions (%)

Total Radiative

0.41 2H9/2) 4I15/2 0.12 0.76 16
0.53, 0.55 2H11/2, 4S3/2) 4I15/2 0.11 1.2 9.2
0.67 4F9/2) 4I15/2 0.08 0.88 9.1
0.85 4I9/2) 4I15/2 0.10 17.6 1.3
1.00 4I11/2) 4I15/2 0.82 12.5 6.6
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