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Abstract Transient characteristics of upconverted emis-
sion (560 nm) of Er3+ in LiNbO3 crystals codoped with
0–7.4 mol% MgO were studied under pulse excitation at
800-nm wavelength. The results show that the transients
display considerable Mg-doping-level-dependent nonexpo-
nential behavior and a clear Mg optical-damage-resistance
threshold concentration effect. Below the Mg threshold con-
centration, the lifetime increases slightly with the increased
Mg concentration. Above the threshold, however, the life-
time drops abruptly by 4–7 times and the nonexponential
feature becomes more evident. It is found that each transient
can be fitted by a double-exponential function contributed
from isolated and clustered Er3+ sites. The fit parameters
show that doping of MgO above the threshold concentra-
tion increases the clustered Er site concentration and the
nonradiative cross relaxation probability. The Mg threshold
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concentration effect derived from the transients is in qual-
itative agreement with that from the fluorescence spectrum
measured as a function of the Mg concentration. The effect
of the Mg threshold concentration on the clustered Er site
concentration is qualitatively explained on the basis of the
microscopic defect model of MgO:LiNbO3 and is conducted
with the Mg site change around the threshold concentration.

PACS 42.70.Hj · 78.55.Hx

1 Introduction

Er3+-doped LiNbO3 is a potential host material for the re-
lated active optical waveguide devices as it combines the
excellent electro-optic, acousto-optic and nonlinear optical
properties of LiNbO3 with the laser properties of the Er3+
ion. Over the past twenty years, a family of Er:LiNbO3

waveguide devices operated at the near- and mid-infrared re-
gions have been demonstrated [1–7]. Nevertheless, the opti-
cal damage, which is particularly serious in the visible re-
gion of the spectrum, not only limits the choice for both
pump and operation wavelengths, but also affects the per-
formance of these devices more or less. It has been reported
that the optical damage can be effectively suppressed by
codoping with >5 mol% MgO and meanwhile adopting Zn-
diffused optical waveguides [4, 8]. Therefore, Er:LiNbO3

codoped with MgO is a more promising substrate for the
related opto-electronic devices.

It is well known that an Er:LiNbO3 crystal that is excited
at the wavelength of 800 or 980 nm shows intense green
and relatively weak red upconversion emissions. These up-
conversion processes definitely bypass the population of the
4I11/2 manifold of Er3+ and hence limit the amplification
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Table 1 A summary of the
concentrations of Mg and Er
dopants in the crystals studied,
measured time constant τ and
double-exponential fit
parameters (τi , I i

0/II, τ c, I c
0 /II)

for the green upconversion
transients measured from
various Er/Mg-codoped LiNbO3
crystals

Sample [Mg2+]/[Nb5+] [Er3+]/[Nb5+] τ (µs) τ i (µs) τ c (µs) I i
0/II I c

0 /II

number (mol%) (mol%) (±1) (±0.5) (±0.5)

In melt/crystal In melt/crystal

1 0.0/0.0 1.0/1.53±0.05 21.2 26.1 9.3 0.777 0.2216

2 0.5/0.60±0.01 1.0/1.47±0.05 21.3 27.4 9.4 0.741 0.257

3 1.0/1.23±0.03 1.0/1.44±0.05 21.6 28.6 9.5 0.721 0.277

4 1.5/1.70±0.04 1.0/1.38±0.05 22.5 32.5 9.4 0.670 0.328

5 2.0/2.35±0.05 1.0/1.21±0.05 26.6 33.4 9.7 0.784 0.214

6 4.0/4.51±0.09 1.0/1.17±0.05 28.7 35.0 10.0 0.800 0.196

7 6.0/6.02±0.12 1.0/0.97±0.05 5.3 29.0 4.6 0.105 0.8939

8 8.0/7.41±0.15 1.0/0.77±0.04 4.4 27.0 4.0 0.060 0.9394

gain at 1.55 µm. For only Er-doped LiNbO3, the upconver-
sion characteristics and mechanism, as well as the issue of
energetic sites of Er3+ ions occupied in the crystal, have
been studied in detail [9–13]. In the case of MgO codoping,
it is imperative to know the influence of the Mg codopant
on the upconversion characteristics of the Er ion. Recently,
Sun et al. have preliminarily reported that codoping with
8 mol% MgO in Er(1.0 mol%):LiNbO3 crystal can sup-
press the green upconversion emission and simultaneously
enhance the 1.5-µm emission [14]. It is unclear if a simi-
lar phenomenon can also be observed in the crystals doped
with other MgO concentrations. Moreover, the explanation
for the observed phenomenon, given by Sun et al. [14], is
only on the basis of tentative speculation. It is essential to
carry out a more systematic and deeper investigation on such
an interesting phenomenon. In this paper, we report a de-
tailed experimental study on the transient characteristics of
upconversion emission (∼560 nm) of Er3+ ions in LiNbO3

crystals codoped with different concentrations of MgO.

2 Experimental description

The crystals used in this work were grown from congruent
melts by the Czochralski technique with the key fusion oper-
ation procedure. All of the starting materials used for growth
including Li2CO3, Nb2O5, Er2O3 and MgO have the same
purity grade of 99.999%. The molar fraction of the Er2O3

added in the growth melts was fixed at 0.5 mol%, while that
of the MgO added in the melts was changed from zero to
8.0 mol% (0, 0.5, 1.0, 1.5, 2.0, 4.0, 6.0 and 8.0 mol%). Af-
ter poling treatment, the single crystals were cut to Y-plates
(X × Y × Z ≈ 10 × 2.5 × 8 mm3) with optically polished
surfaces. The Er and Mg contents in the crystals were de-
termined from neutron activation analysis. The results are
given in Table 1.

The samples were excited by a Ti:sapphire femtosecond
laser (Spitfire Pro 35F) with a pulse width of 35 fs, a repeti-
tion rate of 1 kHz and a pulse energy of 0.2 mJ. The excita-

tion wavelength was tuned to 800 nm with a spectral width
of ∼8 nm. A rectangular excitation–probe configuration was
adopted. The excitation beam was oriented along the y-axis
of each crystal and the fluorescence was collected along the
direction parallel to the x-axis of the crystal. Under the π -
polarization, the green upconversion fluorescence transient
at the wavelength of 559.4 nm was analyzed by a 50-cm
monochromator followed by a photomultiplier tube and a
digital oscilloscope. All the measurements were carried out
at room temperature.

3 Results and discussion

Before the description of the transient characteristics, we
discuss at first two important issues: in the presence of Er
codopant the Mg optical-damage-resistance threshold con-
centration and the segregation coefficients of the Mg and Er
codopants. It is well known for Mg:LiNbO3 that as the Mg
concentration is increased the abrupt shift of the OH− ab-
sorption peaking position from ∼3490 to ∼3535 cm−1 is a
clear indication that the Mg concentration passes through
the threshold concentration point [8, 15]. In Fig. 1 we
show the measured OH− absorption spectra of the four
Er:LiNbO3 crystals with the higher MgO concentrations.
One can see that the abrupt shift takes place between the
two crystals with 4.51 and 6.02 mol% MgO concentrations
in the crystals, indicating that the Er codopant does not alter
the threshold concentration much. One can see from Table 1
that the Mg segregation coefficient, defined as the ratio of
the Mg concentration in the crystal to that in the melt, is
within 1.13–1.23 when the Mg concentration is below the
threshold concentration, while is 0.93–1.0 when above the
threshold concentration. These results are consistent with
the case of only Er doping [16]. For the Er codopant, the
segregation coefficient decreases with the increase of the Mg
concentration in the crystal as shown in Table 1.

Figure 2 shows in a semilogarithmic scale the measured
transients (scattered plots) of π -polarized green upconver-
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Fig. 1 OH absorption spectra of Er:LiNbO3 crystals with MgO con-
centrations of 2.35, 4.51, 6.02 and 7.41 mol% in crystal

Fig. 2 Measured transients (scattered plots) of π -polarized green up-
conversion emission at 559.4 nm (4S3/2 →4I15/2) of Er3+ ions in
Er:LiNbO3 crystals with MgO concentrations of 0, 1.7, 4.5, 6.0 and
7.4 mol% in crystal. The solid curves represent the best fits to experi-
mental data using the double-exponential model described by (1)

sion emission at 559.4 nm (4S3/2 →4I15/2) of Er3+ ions in
the crystals with the MgO concentrations of 0, 1.7, 4.4, 6.0
and 7.4 mol% (in crystal). To avoid the plots being over-
crowded, the transients of the crystals doped with the other
three MgO concentrations are not shown. One can see that
all transients show a nonexponential feature (note that an ex-
ponential function corresponds to a straight line in a semi-
logarithmic coordinate system). For the crystals with the
Mg concentration below the threshold, the nonexponential
feature is moderate. However, when the Mg concentration
is above the threshold, the nonexponential feature becomes
more evident as shown in Fig. 2. Meanwhile, the decay time
constant shows a clear Mg threshold concentration effect.
To show this feature clearly, the time constant at the 1/e

intensity of each measured transient is evaluated (although

considering the time constant at the 1/e intensity is not so
strict for a nonexponential transient, so doing can make the
argued Mg threshold concentration effect clear). The results
are collected in Table 1 (see the data column corresponding
to τ). It appears that below the Mg threshold concentration
the τ value increases slightly with the increased Mg con-
centration; above the threshold concentration, however, the
τ value drops abruptly by 4–7 times.

The nonexponential behavior of the green upconversion
transient has been reported for the case of only Er-doped
LiNbO3 [12, 13]. Two types of fluorescing element, includ-
ing the isolated Er ions and the clustered Er sites, con-
tribute to the transient decay. The nonexponential behav-
ior is due to the cross relaxation by nonradiative energy
transfer. The cross relaxation is dominated by the clus-
tered Er sites because of the short interionic distance within
the clusters. The isolated Er ions do not take part in the
cross relaxation [13]. The related nonradiative cross relax-
ation processes are [(2H11/2 →4 I9/2) + (4I15/2 → 4I13/2)]
and [(2H11/2 → 4I13/2) + (4I15/2 → 4I9/2)]. Based on the
above model, the normalized transient decay of the green
upconversion fluorescence can be described by the follow-
ing double-exponential function:

I (t)/II = (
I i

0/II
)

exp

(
− t

τi

)

+ (
I c

0/II
)

exp

(
− t

τc

)
+ IN/II, (1)

II = I (t = 0) = I i
0 + I c

0 + IN, (2)

where I (t) represents the fluorescence intensity measured at
the moment of time t and II denotes the intensity at t = 0.
The first term represents the fraction contribution from the
isolated Er sites without cross relaxation with a time con-
stant τi, the second term denotes the fraction contribution
from the clustered Er sites that involves the nonradiative
cross relaxation with a time constant τc and the third term
(IN/II) accounts for the background noise, with IN denoting
the background noise intensity. The ratios I i

0/II and I c
0/II

are the initial fraction contributions from the isolated and
the clustered Er sites, respectively. They are proportional to
the respective concentrations in the crystal. Equation (1) was
used to fit all of our measured transients. The solid curves in
Fig. 2 represent the best-fit results. It should be pointed out
that the fitting was carried out at first in the linear scale, and
the fit results are then displayed, together with the exper-
imental data, in the semilogarithmic scale. The obtained fit
parameters, together with the errors, are collected in Table 1.
For the only Er-doped crystal studied here, τi and τc are sim-
ilar to 26 ± 0.5 and 9 ± 0.5 µs, respectively. The former is
consistent with and the latter is three times larger than the
results reported by Ju et al. [13], i.e. ∼27 and ∼3 µs, respec-
tively. One can see from Table 1 that the Mg doping level
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Fig. 3 π -polarized green upconversion emission (4S3/2 → 4I15/2)
spectra of Er:LiNbO3 crystals with MgO concentrations of 0, 1.7, 4.5,
6.0 and 7.4 mol% in crystal

effect on τi is small whether the Mg concentration is be-
low or above the threshold. The situation is different for τc.
Below the threshold concentration, the Mg doping has less
effect on τc. Above the threshold concentration, however, τc

decreases abruptly by more than two times. For the only Er-
doped crystal studied here, the fraction ratio I c

0/II is sim-
ilar to 0.22, in good agreement with the result reported by
Ju et al. [13], i.e. ∼0.2. The ratios I i

0/II and I c
0/II show a

clear Mg threshold concentration effect. As shown in Ta-
ble 1, below the Mg threshold concentration, the ratio I i

0/II

varies only within 0.7–0.8 and the ratio I c
0/II changes only

within 0.2–0.3, and the contribution from the isolated sites
dominates each transient. Above the Mg threshold concen-
tration, however, the contribution from the isolated sites is
only around 10%, while that from the clustered sites is about
90%, which is absolutely dominant in the related transients.
With the known I c

0/II and I i
0/II ratios, the fraction contribu-

tion from background noise (IN/II) can be readily evaluated
according to (2). It is found that the noise figure is less than
1%.

The fluorescence spectrum measured as a function of
the Mg concentration in the crystals also reveals the Mg
threshold concentration effect. Figure 3 shows the measured
π -polarized green upconversion (4S3/2 → 4I15/2) spectra of
the Er:LiNbO3 crystals with the MgO concentrations of 0,
1.7, 4.5, 6.0 and 7.4 mol%. One can see that the three crys-
tals with the Mg concentration below the threshold show
comparable emission intensities while the two crystals con-
taining the Mg concentration above the threshold show the
emission intensities 3–5 times lower. It should be pointed
out that the measurement accuracy of the emission intensity
depends on many factors such as pump level, polarization
state of the pump beam, excitation–probe geometry, sam-
ple’s thickness and polishing grade, and widths of entrance
and exit slits of the monochromator. In our experiments, all

of the spectra were recorded under the same experimental
condition: the same pump level, the same polarization state
of the pump beam, the same excitation–probe configuration,
and the same widths of entrance and exit slits of the mono-
chromator. In addition, the samples underwent the same pol-
ishing procedure and have the same thickness of 2.5 mm.
The results shown in Fig. 3 are therefore convincing.

Since the initial fluorescence intensities I i
0 and I c

0 are re-
spectively proportional to the initial populations of the iso-
lated and the clustered Er sites and hence to the respec-
tive concentrations in the crystal, the Mg threshold effect
on the I i

0/II and I c
0/II ratios implies that when the Mg dop-

ing concentration is below the Mg threshold concentration
most of the Er ions presence is as the isolated sites. On
the other hand, when the doped Mg is above the thresh-
old concentration, the high Mg concentration results in the
shortening of the adjacent Er–Er distance. In this case, al-
most all of the Er ions (∼90%) presence is in the form of
the clusters. The increased cluster sites increase the prob-
ability of the nonradiative cross relaxation, and hence in-
crease the populations of those lower located manifolds of
the Er ion, such as the 4I13/2 (1.5 µm) manifold. This can ex-
plain the above observation that codoping with 8 mol% (in
melt) MgO in Er(1.0 mol%, in melt):LiNbO3 crystal sup-
presses the green upconversion emission and simultaneously
enhances the 1.5-µm emission [14].

It is necessary to discuss the Mg threshold concentration
effect on the clustered Er site concentration from the view-
point of microscopic defects. It is well known that the Li
vacancy model is commonly accepted for the description of
the intrinsic defects in the congruent LiNbO3 crystal. The
model suggests that the intrinsic defects NbLi

4+(antisite,
Nb occupying Li site, about 1 mol%) and the Li vacancies
(∼4 mol%) required by the antisite for maintaining charge
equilibrium are the predominant defects in a pure congru-
ent crystal. On the basis of the Li vacancy model for the
pure congruent crystal, the defect structure model for the
Mg-doped congruent LiNbO3 crystal was further proposed
[17]. The model suggested that the incorporated Mg dopants
replace the antisites at first. Further Mg ions are incorpo-
rated into the Li sites. The replacement of Li by Mg ac-
companies the creation of the same amounts of vacancies
for maintaining charge equilibrium. As the amount of Mg
is increased further, the dopants would enter the Nb and
Li sites simultaneously. This model is strongly supported
by recent results, reported by several European groups [18–
20], regarding the influence of Mg on the transient behav-
ior of light-induced absorption as well as the effect of the
Fe doping on the polaron luminescence of LiNbO3. Their
findings and observations are in full accordance with the
predictions of microscopic models for the optical-damage-
resistance threshold, namely the removal of NbLi antisite
defects upon incorporation of Mg ions. The lattice site of
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the Er3+ ion in the Er(1.0 mol%):LiNbO3 crystals codoped
with 5.8 and 8 mol% Mg, which have completely the same
Er and almost the same Mg doping levels as two of ours, has
been determined by Rutherford backscattering and proton-
induced X-ray emission channeling techniques [21, 22], and
it has been concluded that Er mainly occupies the Li site
in the crystal lattice and only a few percents substitute the
Nb sites. The latter argument is supported by our measured
OH− absorption spectra. Generally, two or three absorp-
tion bands dominate the OH− spectra of the Mg2+/Er3+
codoped LiNbO3 crystals. Besides the two bands concerned
in Fig. 1, the third band, which is usually located at the
3500–3525 cm−1 region, is attributed to the OH− stretch-
ing vibration of the complex MgLi

2+–OH–ErNb
3+ [22, 23].

In connection with the Er/Mg-codoped crystals studied in
this work, one can see from Fig. 1 that a weak absorption at
∼3525 cm−1, as a shoulder, is discernible in the two spectra
of the crystals with the higher Mg concentrations, implying
that a small amount of Er3+ ions in the related two crystals
may also occupy Nb sites.

There is no doubt that almost all of the clustered Er ions
come from those occupied in the Li sites. From the measured
τc, the relative change of the adjacent Er–Er distance Rc

as the doped Mg concentration changes around the thresh-
old point can be roughly evaluated according to the rela-
tionship 1

τc
∝ ( 1

Rc
)6 [24, 25]. The results show that Rc re-

duces by around 10% as the Mg concentration increases
from 4.5 mol% to 6 mol%. An X-ray standing-wave study
on only Er-doped LiNbO3 has revealed that the incorpora-
tion of the larger Er ions (the ionic radii of Er, Li, Mg and Nb
in LiNbO3 are numerically 0.89, 0.68, 0.66 and 0.69 Å) re-
sults in a slight distortion of the crystalline lattice and the Er
ion is not located at the exact Li site but is shifted by 0.46 Å
along the direction of the ferroelectric c-axis [26]. The shift
relative to the lattice constant c is similar to 3.3%, which
is about three times smaller than the above-mentioned 10%
alteration of Rc. It is obvious that the Mg threshold concen-
tration effect on Er location should be taken into account.
The aggregation coefficient is related to the site preference
for the incorporated ions from the growth melt. Its change
is an indication of the alteration of the sites which the incor-
porated ions occupy. As described above, the aggregation
coefficient of Mg ions in the crystals studied in this work
changes from ∼1.2 to ∼1.0 as the Mg concentration in the
crystal passes through the threshold point. This implies that
a change in the Mg site takes place. To adapt to this change
of the Mg site, the location and ionic environment of the Er
ions should change correspondingly. So, the 10% change of
Rc around the Mg threshold concentration is possible.

It can be anticipated that the change of the Mg site around
the threshold concentration may also affect the solubility of
Er3+ in LiNbO3. This can explain the behavior that the MgO

doping affects the practical Er concentration in the crys-
tal. The observation that the Er3+ concentration in the Mg-
doped crystal decreases with the increase of the Mg con-
centration is due to the declining Er solubility in the pres-
ence of the Mg codopant. This argument is indirectly veri-
fied by our recent work on incorporation of rare-earth ions
into Mg2+-doped LiNbO3 by the thermal diffusion method
[27]. Our experimental results have shown that at a temper-
ature close to the Curie point (∼1143°C), 1130°C, the sol-
ubility of Er3+ in a congruent LiNbO3 crystal doped with
4.5 mol% MgO is similar to 0.74 × 1020 ions/cm3, which
is approximately four times smaller than the corresponding
value in a pure congruent LiNbO3 crystal at the same tem-
perature, i.e. ∼3 × 1020 ions/cm3 [28].

4 Conclusion

In summary, we have demonstrated transient characteristics
of upconverted emission (∼560 nm) of Er3+ in LiNbO3

crystals codoped with different concentrations of MgO. All
transients display Mg-doping-level-dependent nonexponen-
tial behavior and a clear Mg threshold concentration effect.
It is found that each transient can be well fitted by a double-
exponential function contributed from isolated and clustered
Er3+ sites. Below the Mg threshold concentration, most of
the Er ions presence is as the isolated sites, and their con-
tribution is dominant in each transient. On the other hand,
when the Mg concentration is above the threshold concen-
tration, almost all of the Er ions presence is as the clustered
sites and the contribution from these isolated sites is ab-
solutely dominant in the corresponding transient. The Mg
threshold concentration effects derived from the measured
transients and from the fluorescence spectrum measured as
a function of the Mg concentration are in qualitative agree-
ment. The increased cluster Er sites in the heavily Mg-doped
crystal increase the probability of the involved nonradiative
cross relaxation and hence the populations of the lower lo-
cated manifolds of the Er ion, such as the 4I13/2 (1.5 µm)
manifold. This is desired for the application purposes of the
optical amplification at 1.5 µm.

In the viewpoint of microscopic defects, Mg site change
around the threshold concentration is suggested as the main
reason for the observed Mg threshold concentration effect
on the clustered Er site concentration. The removal of the
antisite defects from the crystal as the MgO concentration
in the crystal is above the threshold is an indication of Er
clustering.
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