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Optical bands of Cr** induced by Mg?™" ions in LiNbO;:Cr,Mg
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In this paper, the role of Mg ions in the optical properties of Cr** (absorption, luminescence, and life-
time) in doubly doped LiNbO; single crystals is analyzed. Additional R lines (denoted as R} and R ),
associated with Cr** ions perturbed by nearby Mg?" ions, were observed. Divalent magnesium ions
affect also the *T, and *T, excited-state levels of Cr** ions, producing a red shift in the *4, —*T, and
% 4, —*T, absorption bands. This red shift explains the change observed in the color of Mg-doped sam-
ples. The crystal-field parameters and Racah parameters of this Cr’* defect site are reported and com-
pared with those corresponding to singly doped crystals.

I. INTRODUCTION

There is renewed interest in the study of the optical
properties of transition-metal and rare-earth ions in
LiNbO, single crystals because of their potential applica-
tions in electro-optic and laser technologies.! Unfor-
tunately LiNbO; is susceptible to optical damage (pho-
torefractive effect) that reduces the applicability of these
crystals in nonlinear optical devices.? However, in Mg-
doped LiNbO;, (more than 5 mol. % of MgO) the optical
damage is almost inhibited’ and stable laser operation has
been achieved in Md>*-activated samples. Despite this
positive result, little is known about the role of Mg ions
in the optical properties of LiNbO; crystals activated
with other impurities. The presence of Mg ions could
produce changes or alterations in the optical properties
of doped LiNbO; crystals, which may be important for
future optical applications. In fact, it has been reported
that in LiNbO;:Cr and LiNbO,:Nd the addition of Mg?*
leads to the appearance of additional OH ™ infrared ab-
sorption bands, which have been interpreted as due to the
formation of Cr’-OH -Mg?* and Nd**-OH -Mg?*
centers, respectively.>® Codoping with Mg?* also affects
the electron paramagnetic resonance (EPR) and
electron-nuclear double resonance (ENDOR) spectra of
Cr3* producing modified spectra due to the formation of
an additional Cr’* defect site.”® Therefore, the appear-
ance of these additional optical bands of Cr*™" in the dou-
bly doped system is also expected. In fact, it was recently
shown that codoping LiNbO;:Nd with MgO produces
additional fluorescence bands, which can be used to
characterize the crystal-field site’ induced by Mg?™ ions
(Lit sites) close to Nd3™, located in Nb>™ lattice sites, in
agreement with previous models.’ 8

The optical properties of Cr’* ions in different crystals
have been much studied.! In the case of LiNbO; crystals,
the lowest excited state for Cr*™* is the *T,, from which a
broadband emission is observed. However, weak R lines,
ascribed to the 2E — * A4, transition, can be detected on
the high-energy side of the broadband.'°

Recently, the structure of these fluorescence R lines in

45

Cr’**-doped LiNbO, has been analyzed in detail, and two
types of R lines, of Cr** ions in Li* and Nb>* sites, were
reported.!!

In this paper, the modification of the optical properties
of Cr**:LiNbO, samples after codoping with 6 mol. % of
Mg?" ions is analyzed. The results indicate the forma-
tion of these additional fluorescence bands of Cr’* as a
consequence of the formation of the additional Cr’™ site,
which is responsible for the change observed in the color
of Mg-codoped Cr**:LiNbO; samples and explains the
color changes previously reported in LiNbO;:Cr,Mg sin-
gle crystals.’

II. EXPERIMENTAL

The Cr:LiNbO; and Cr,Mg:LiNbO; crystals were
grown by the Czochralski method from grade I Johnson-
Mathey powder in the ¢ direction. The singly doped
crystals had a [Cr]/[Nb] concentration ratio of 0.33%,
while in doubly doped samples this ratio was 0.15%. The
[Mg]/[Nb] concentration ratio was 6%. Samples were
cut perpendicular to the ¢ axis (1 mm size), with all their
faces polished.

The crystals were colored uniformly, green in singly
doped Cr samples and pink in doubly, Cr,Mg-codoped
samples.

Emission spectra were excited with an Ar*-ion laser
(SP-2020). The emitted light was dispersed in a McPher-
son (218) monochromator and detected with an EMI-
9958-QB photomultiplier tube or Si photodiode connect-
ed to a vibrating reed electrometer (Cary 401). Mono-
chromator control and data acquisition were performed
using an IBM PS/2 computer.

Absorption spectra were measured with a Cary 17
spectrophotometer. Samples were cooled to low temper-
ature in a closed circle cryorefrigerator with optical ac-
cess for excitation and detection.

Fluorescence pulses were excited by the second har-
monics of a pulsed Nd:YAG laser (532 nm). The data
were signal averaged by an oscilloscope (Tektronix 2440)
and lifetimes were calculated using least-squares fits.
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III. EXPERIMENTAL RESULTS AND DISCUSSION

In order to investigate the effects in the optical proper-
ties of Cr’* ions due to the presence of Mg?* ions, two
kinds of sample, one singly doped with Cr’" ions and
another codoped with Mg?™ ions, were used.

Figure 1(a) shows the unpolarized absorption spec-
trum of Cr’**:LiNbO; crystals at 100 K. According to
previously reported data,'®!! the spectrum consists of
two broadbands centered at 480 and 653 nm, with the
low-energy band being the more intense. These two
broadbands are due to the well-known spin-allowed,
*A4,— *T, and *4,— *T,, vibronic transitions.'® On
the low-energy side of the *4,— *T, broadband, two
weak narrow bands located at 723.5 and 725.7 nm can
also be observed. Both narrow bands correspond to the
so-called R lines, assigned to the * 4, — 2E transition.'®

The unpolarized absorption spectrum corresponding to
doubly, Cr3*- and Mg?*-codoped LiNbO, crystals is
given in Fig. 1(b). This spectrum also consists of two
broadbands, but now centered at 520 and 665 nm. Both
bands appear shifted to lower energies relative to the
singly doped samples, although this effect is much more
pronounced for the high-energy band. Additionally, dou-
bly doped samples show broader vibronic bands than the
singly doped samples. These two facts suggest the pres-
ence of an additional absorption band for the
Cr,Mg:LiNbO; system. The red shift observed in the
high-energy band, together with the weak absorption in
the red region, explains the change of color (green to
pink) observed between doped and codoped samples. An
inspection of Fig. 1(b) reveals also the presence of two
very weak narrow bands at about the same position as in
the Cr®*:LiNbO, samples.

Regarding the absorption coefficient in both samples,
we remark that the observed change cannot be explained
by considering only their Cr**-concentration differences,
suggesting again the presence of additional absorption
transitions.
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FIG. 1. Unpolarized absorption spectra measured at 100 K.
(a) Singly doped LiNbO*:Cr’* samples. (b) Doubly doped
LiNbO;Cr,Mg samples.
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At this point it is important to mention that a similar
change of color was reported to occur in an inhomogene-
ous LiNbO;:Cr,Mg crystal.> Our crystals (singly and
doubly doped) were both homogeneously colored and
then the color change had to be interpreted as due to the
incorporation of magnesium ions. Thus, the crystal field
around Cr** ions is modified and produces additional ab-
sorption bands. This idea will be confirmed later by in-
spection of the fluorescence results.

In order to investigate the creation of additional defect
sites in Cr,Mg:LiNbO; by optical methods, the role of
Mg ions in the 2E — *A4, and *T, — * 4, radiative transi-
tions have been systematically investigated using lumines-
cence techniques.

Figure 2 shows the emission spectra at 20 K in the
range from 725 to 745 nm (corresponding to the R lines),
for Cr-doped and Cr,Mg-codoped samples exciting with
the 488-nm argon line. For Cr:LibNbO; samples the
emission spectrum (continuous line) consists in three nar-
row bands located at 727.0, 731.3, and 735.7 nm. These
narrow emission lines have been previously assigned to
the 2E— *A4, radiative transition (R lines) from two
types of Cr’" centers: Cr’* ions in Li* or in Nb°*
sites.!!

It is well known that in trigonal symmetry, the Cr’*
excited 2E level splits into the 24 and E sublevels! and,
therefore, two R lines, corresponding to the transitions
E— %4, (R, line) and 24 — *4, (R, line), should be
observed for each Cr’* center. However, at low temper-
ature the low-energy transition is dominant due to a non-
radiative relaxation from the upper (E) to the lower sub-
level (24).

In Fig. 2, the R lines are denoted following the nota-
tion used in Ref. 11. According to this notation, primed
lines were tentatively assigned to Cr’" ions entering Li™
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FIG. 2. Unpolarized emission spectra measured at 20 K un-
der Ar*-ion laser excitation at 488 nm. Continuous line corre-
sponds to singly Cr-doped samples and dashed line to doubly,
Cr,Mg-codoped samples.
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lattice sites and unprimed lines assigned to Cr’" ions
entering Nb>* positions. It should be noted that the R,
line is masked by the more intense R line, and therefore
only three peaks are observed.

The emission spectrum corresponding to the Cr,Mg-
codoped samples excited with the 488-nm argon line is in-
cluded in Fig. 2 (dashed curve). Notice that two narrow
bands located at 739.1 and 741.1 nm appear. In addition,
the emission intensities of the R, +R | and R} lines clear-
ly decrease. However, these bands will be denoted as R |
and R, respectively. The lifetime of the R, and R | lines
was found to be ~400 us, a higher value than that re-
ported in Ref. 11 (276 us for the R, line and 326 us for
the R} line). The lifetime of the R} line was found to be
~500 pus. The proximity of these bands to the R and R’
lines, their narrow structure together with their lifetime
value, close to those of the R and R’ lines in singly doped
samples, indicate that these additional bands are also
characteristic of the 2E — * 4, transition of Cr*”" ions.

As has been commented before, the additional R " and
R’ narrow bands appear with a partial extinction of the
R} and R} lines. This fact can be understood by consid-
ering the mechanism of formation of the additional
Cr,Mg defect center. This mechanism may be the same
as that proposed for the Nd-Mg site observed in
Nd,Mg:LiNbO,.° In this model, Mg?™" ions replace some
excess percentage of Li™ lattice site'? (~6 at. %), which
in the singly doped sample were occupied by Nb>* sites
(and Cr’" sites). These lattice sites are usually called
“antisites” but have the same local environment as regu-
lar Li* sites. Therefore, incorporation of Mg?" ions
reduces the probability of finding Cr** ions in Li™ site
symmetry so that the intensity of the R} and R lines de-
crease, as observed in Fig. 2.

This result is in good agreement with models previous-
ly proposed for these additional Cr3" sites by using in-
frared absorption® or ENDOR and EPR measure-
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FIG. 3. Emission spectra of doubly doped LiNbO*:Cr,Mg
crystals measured at 20 K under different excitation wave-
length.
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ments.”® In these models Cr’" ions are replacing Nb**
regular lattice sites and the effect of the proximity of
Mg?* ions is to shift the Cr’" ions to a more centered
position in their oxygen octahedra.” In any case, the
changes in the local symmetry have to produce a smaller
trigonal splitting between the 24 and E levels, resulting
in a reduction in the energy separation between the two
R lines, as well as a decrease in the cubic crystal field,
which shifts the vibronic absorption bands to lower ener-
gies.

Figure 3 shows the emission spectra in the R emission
range obtained under different excitation wavelengths of
light lying inside the * 4, — T, absorption band. As can
be observed, the relative intensities of the R lines are sen-
sitive to the excitation frequency, this variation being
more marked for the R lines induced by the Mg ions (R}
and RY). It is important to note that the above result
was obtained by exciting in the *4,— 2E transition.
Despite this, the result shown in Fig. 3 indicates that
selective excitation of the R lines of each site can also be
achieved by pumping in the broad vibronic band.

From this result it is clear that the presence of the ad-
ditional Cr-Mg centers also affects the vibronic bands of
Cr’*. For confirmation, the broadband emissions associ-
ated with the *T, — * 4, radiative transition were studied
in Cr,Mg:LiNbO; samples under the same excitation
wavelengths used before. As expected, each excitation
wavelength produces a different *T,— “A4, emission
band (see Fig. 4). Excitation at 458 nm produces the
same ‘T, — *A4, emission (peaking at 916 nm) observed
for the singly, Cr’*" doped crystals, while excitation at
514.0 nm leads to a *T, — * 4, emission band peaking at
928 nm. Therefore, the presence of Mg?™ ions also in-
duces changes in the broad bands associated with the 4,
— *T, radiative transitions. Moreover it is clear that the
broadening observed in the absorption spectrum of the
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FIG. 4. Emission spectra of LINbO;:Cr,Mg crystal measured
at 20 K under A™-ion laser excitation. Continuous line
Aexe =4580 A. Dashed line A, =5140 A.
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FIG. 5. Convolution of the absorption spectra given in Fig.
1. The curve was obtained normalizing both spectra to the ab-
sorption coefficient at 653 nm.

doubly doped samples is due to the appearance vibronic
absorption bands of the additional Cr>* crystal-field sites
shifted to lower energies. This assignment is at variance
with a previous interpretation that assigned these absorp-
tion bands to Cr** ions.’

Having taken into account this fact, the optical absorp-
tion spectrum shown in Fig. 1(b) has to be considered as
due to the convolution of the Cr** absorption due to
Cr’t in Lit and Nb’* sites and Cr’* in Nb°* sites per-
turbed by nearby Mg?™" ions. Figure 5 shows the curve
obtained after subtraction of the unperturbed-Cr’™*-
center contribution. This curve was obtained normaliz-
ing the two spectra shown in Fig. 1 to the absorption
coefficient at 653 nm. The spectrum consists of two
broadbands centered at 530 and 730 nm. These bands are
assigned to the *4,— *T, and *4,— *T, vibronic tran-
sitions of the additional Cr’* defect center. After this as-
signment we can calculate the cubic crystal-field parame-
ters and the Racah parameters characteristic of the per-
turbed Cr®* centers. Table I shows these values together
with those corresponding to unperturbed Cr’* defect
sites (obtained in this work as well as in those previously
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reported.'®!! The lifetime values are also given in Table
I

For the Cr:LiNbO; system, all crystal-field-splitting
values Dg are close to 1530 cm™! and only small
differences in the Racah B and C parameters are detect-
ed. In contrast, the perturbed Cr** center has a Dq value
of 1370 cm™!, indicating a lower crystal field (cubic
crystal-field approximation) in this case.

Now, considering the experimental data for Dg, the ra-
tio between the average chromium to oxygen distances
(R) for both (perturbed and unperturbed) defect sites can
be roughly evaluated using the expression'

Dg=KR ™",

where K and n are constant for small deviations in R.
Assuming n =5 (point-ion approximation) this ratio is
found to be 1.023. This value would indicate a 2.3% dis-
tortion in the 6% of lattice defect sites perturbed by
Mg?™ ions. Thus, an average of 0.13% in the lattice pa-
rameter should be expected. This value is not very far
from that (0.06%) deduced, with the density change in-
duced by the Mg ions taken into consideration."’.

Finally, we refer to the radiative lifetimes observed for
the R lines. The values observed seem to be shorter than
those expected (~ms) for the 2E — * 4, transition, even
having taken into account the lowering of cubic symme-
try (C; local symmetry in the unperturbed sites). These
short radiative decay times can be explained (in the cubic
crystal-field approximation) by considering admixing of
T, and ’E levels. Then, the radiative lifetime 7 is given

by the expression'®

1 1
T _d2_4——~
*T,)
with
s2=Lli- AE ,
2 4|V, |*+AE?)!?

where 7(*T,) is the lifetime of the *T,— 4 4, radiative
transition (see Table I), AE the energy separation between
“T, and ’E levels, and V,, the spin-orbit parameter.
Using the experimental values obtained in this work and
taking 200 cm ™! (Ref. 14) for ¥V , the lifetime 7 is found

TABLE I. Values of the crystal-field parameter Dg, Racah parameters B and C, and lifetime of the singly Cr-doped and doubly,
Cr,Mg-codoped LiNbO; crystals obtained in this work, together with those previously reported.

Material Dg (cm™!) PB‘I_ B (cm™) C (cm™Y) % (4T, — *4,) To(2E— *4,)
(us) (us)

LiNbO,;:Cr 1530 3.17 482 3150 6.53 11

(Ref. 6)

LiNbO3:Cr 276(R 1 )
(Ref. 7) 1532 2.78 550 2910 5.29 10.5 325(R})
LiNbO;:Cr 400(R )
This work 1532 2.76 554 3224 5.82 10 400(R )
LiNbO;:Cr,Mg 1370 2.7 507 3300 6.57 17 500(R7Y)

This work
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to be ~600 us, which explains the order of magnitude
observed. This indicates that mixing of 2E and *T, levels
takes place in Cr’" for both singly and doubly doped
samples, and the E 4A2 transition becomes partially
spin allowed.

IV. CONCLUSIONS

Absorption and luminescence measurements in Mg-
codoped LiNbO;:Cr* are sensitive to the formation of
an additional Cr** defect site induced by the proximity
of Mg ions. This site is considered to be due to Cr** in
the Nb>* site perturbed by a nearby Mg?* ion located in
a Li™" site, in agreement with data reported using other
techniques.’~® The Dgq value for the additional Cr** de-
fect site is smaller than for the unperturbed Cr’" defect
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sites, indicating a lower cubic crystal field. The red shift
detected in the *4,— *T| and * 4, — *T, vibronic bands
in Mg-codoped samples explains the color change ob-
served in these samples. Finally, the crystal-field parame-
ters, Racah parameters, and lifetime values correspond-
ing to this additional defect center are reported.
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