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Abstract. Emission and excitation spectra and luminescence decay curves of enstatite MgSiO3
single crystals nominally doped with Ni and Cr have been measured at temperatures down to 10 K.
For all the crystals under investigation, the emission band peaking at about 1520 nm is assigned to
the3T2 → 3A2 transition of octahedral Ni2+ centres, whilst the luminescence around 800 nm is
assigned to the4T2→ 4A2 transition of octahedral Cr3+ centres. Chemical analysis has confirmed
the presence of Ni impurities in the nominally Cr doped crystals, and Cr impurities in the nominally
Ni doped crystals. The peak stimulated emission cross section of the 1520 nm emission of Ni2+ is
3× 10−20 cm2.

1. Introduction

In the case of the recently discovered crystals doped with Cr4+ ions such as Cr:Mg2SiO4

(Cr:forsterite) or Cr:Y3Al 5O12 (Cr:YAG or black garnet), the Cr4+ ions are located in tetrahedral
or quasi-tetrahedral crystalline environments [1] such that the optical transitions can be electric-
dipole allowed thus giving rise to large absorption and emission cross sections. This is the
reason why these materials have been shown to be very good broad-band laser systems as
well as excellent saturable absorbers for the production of short laser pulses. However, if the
stimulated emission cross section of these systems is comparable to that of Ti:sapphire, their
fluorescence lifetimes (τf ) remain short with values of a few microseconds and the resulting
σeτf product is small (whereσe is the stimulated emission cross section), indicating poor
energy storage capabilities.

The ideal situation would be found with a broad-band emitting system having aσeτf value
of a few times 10−23 cm2 s as in the case of Nd:YAG (σeτf = 1.6× 10−23 cm2 s), that is
with an emission cross section of a few times 10−19 cm2 and a fluorescence lifetime of a few
hundred microseconds.
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It has been shown recently that some Cr doped crystals, crystals having again tetrahedral
sites, could fulfil the above requirements. The first example was found with Cr:LiAlO2 [2]
which emits a broad band emission around 1300 nm characterized by an estimated stimulated
emission cross section at maximum of the order of 3.3× 10−19 cm2 with a room temperature
fluorescence lifetime of about 29µs. However, due to the difficulties in the crystal growth, no
lasing action of this material has been reported so far. A second example has been found even
more recently with Cr:Li2MgSiO4 [3] which also emits around 1300 nm with an estimated
stimulated emission cross section of about 1.2 × 10−19 cm2 and a fluorescence lifetime of
100µs at room temperature. In this case, also, the crystal growth appears to present some
difficulties.

The optical spectroscopy of Cr3+ in orthoenstatite MgSiO3 was discussed by some of us
several years ago [4]. In a recent communication [5], we reported that a Cr doped orthoenstatite
MgSiO3 crystal gives rise to a broad-band emission in the eye-safe spectral region around
1.52 µm, with a room-temperature fluorescence lifetime of about 90µs. This emission
was tentatively assigned to thermalized3T2 → 3A2 and 1E → 3A2 emission transitions
in Cr4+ centres; however, several doubts concerning the assignment of the optical transitions
in the infrared region still remained [5]. For this reason, we decided to undertake a thorough
investigation of chemical and physical properties of this material, and chemical analysis showed
that our Cr doped orthoenstatite MgSiO3 crystals contained Ni2+ impurities. We therefore
decided to grow a set of Ni:MgSiO3 crystals, in order to compare the spectroscopy with the
data obtained for the crystals with nominal composition Cr:MgSiO3. This comparison allowed
us to confidently assign the emission around 1.52µm in the latter crystals to the3T2→ 3A2

transition of octahedral Ni2+ present as unintentional impurity. The results of the detailed
spectroscopic investigation are presented in the following sections.

2. Experiment

Crystals of nominal compositions Cr:MgSiO3 (Cr/Mg molar ratio = 1.0%) and Ni:MgSiO3
(Ni/Mg molar ratio = 1.0 and 0.10%) were grown by using the flux growth technique in the
temperature range 650–950◦C with lithium vanado-molybdate as a solvent [4–7]. The soaking
time was about 12 h, the cooling rate 5◦C h−1. The composition of the growing mixture was,
in mol%: 6.8 SiO2, 6.7 MgO, 44.8 Li2CO3, 36.6 MoO3, 5.1 V2O5. The appropriate dopants
were added as Cr2O3, CrO3 or NiO. All chemicals were reagent grade or better. Growths were
carried out in air as well as in oxygen atmosphere. Crystals of more or less pale green or yellow
colour, up to 0.5× 1× 2 mm3 in size, were obtained. This size is large enough to measure
absorption, excitation and emission spectra and fluorescence decays from room temperature
down to aboutT = 10 K. No differences were found in the optical spectra of the crystals grown
in air and in oxygen. The actual concentrations of the metals in the samples were determined
by inductively coupled plasma (ICP) analysis. The crystals under investigation were found to
contain in all cases V (certainly coming from the flux), Ni and Cr. The results of the chemical
analysis are reported in table 1. The small amount of Ni present in the nominal Cr:MgSiO3

Table 1. Molar ratios obtained by chemical analysis of the crystals under investigation.

Crystal with nominal ratio Actual Cr/Mg ratio Actual Ni/Mg ratio Actual V/Mg ratio

Cr/Mg = 1.0× 10−2 8.7× 10−3 1.9× 10−4 1.6× 10−3

Ni/Mg = 1.0× 10−2 1.8× 10−4 1.1× 10−2 2.4× 10−3

Ni/Mg = 1.0× 10−3 3.9× 10−5 1.4× 10−3 1.4× 10−3
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crystal and the small amount of Cr present in the nominal Ni:MgSiO3 have to be attributed to
impurities of unknown origin (such as contamination of the furnace).

The equipment used for the spectroscopic measurements has been described elsewhere [8].

3. Results

The enstatite crystal nominally doped with 1.0% Cr (hereafter E10Cr) was found to emit two
well separated emission bands (figures 1 and 2) following excitation at 635 nm and 1200 nm,
respectively. One band extends in the red from about 700 to 1100 nm with a maximum around

Figure 1. Near infrared emission spectrum of the crystal with nominal composition
MgSiO3:1.0%Cr (E10Cr) obtained at room temperature after excitation at 635 nm.

Figure 2. Infrared emission and excitation spectra of the crystal with nominal composition
MgSiO3:1.0% Cr (E10Cr) obtained at room temperature with excitation at 1205 nm, and emission
at 1500 nm, respectively.
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Figure 3. Infrared emission band of the crystal with nominal composition MgSiO3:1.0% Cr
(E10Cr) versus temperature.

850 nm and is flanked, at low temperature, by several sharp peaks on its high energy side (see
figure 2 of [4]) located around 690 nm, in coincidence with the ones observed in the absorption
spectra. The other band extends between 1350 and 1800 nm with a maximum around 1520 nm
and is flanked at low temperature by a single sharp peak located on its high energy side around
1420 nm (figure 3).

The first band is made in fact of two overlapping components, one being centred around
780 nm (the one observed after excitation around 470 nm and reported in [4]) and another
one peaking around 900 which can be selected and registered by exciting in the near infrared
around 790 nm, i.e. in a wavelength domain for which the luminescent centres responsible for
the first emission do not absorb.
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Figure 4. Fluorescence time constants of the 1560 nm emission versus temperature (fluorescence
decays are slightly non-exponential and can be decomposed into two components, one dominant
long-lived componentτ1 and one weak short-lived componentτ2).

Both broad-band fluorescences decay with time constants of about 35µs at low
temperature (T = 12 K) and time constants of about 23µs for the short-wavelength feature
and 35µs for the long-wavelength one, respectively, at room temperature.

The emission located around 1520 nm is characterized by a broad band and a single sharp
line subsisting at fairly high temperature (above 100 K) (figure 3). The same decay constant
(300µs atT = 10 K and 90µs at room temperature) was found for the broad band around
1560 nm and the sharp peak at 1420 nm (figure 4).

Excitation spectra in the region of the sharp line were measured at low and high
temperatures. The low-temperature (T = 12 K) excitation spectrum shown in figure 5 was
recorded with the aid of a Raman shifted pulsed dye laser (spectral width of∼0.2 cm−1)
between 1250 and 1450 nm. The excitation spectrum shown in figure 2 was measured
at room temperature between 800 and 1350 nm, with the aid of a broad-band optical
parametric oscillator (OPO) with a spectral width of 1 nm. The room-temperature excitation
spectrum shows the presence of a broad-band absorption peaking around 1205 nm. The
low-temperature excitation spectrum shown in figure 5 does not evidence any clear feature
coincident with the sharp zero-phonon line, but only a weak peak at about 1380 nm
(7250 cm−1).

The luminescence spectra of the enstatite crystals nominally doped with 1.0% and 0.1%
Ni (hereafter E10Ni and E01Ni, respectively), obtained at 10 and 300 K with 625 nm
excitation, are shown in figures 6 and 7. As in the case of the E10Cr crystal, two
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Figure 5. Portion of the low-temperature (T = 12 K) excitation spectrum of the infrared emission
peaking around 1500 nm (the abrupt cut-off observed at wavelengths shorter than 1285 nm is due
to the decreasing dye laser efficiency).

Figure 6. Emission spectra of the crystal with nominal composition MgSiO3:0.10% Ni (E01Ni)
after excitation at 625 nm at (a) 300 K and (b) 10 K.
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Figure 7. Emission spectra of the crystal with nominal composition MgSiO3:1.0% Ni (E10Ni)
after excitation at 625 nm at (a) 300 K and (b) 10 K.

well separated emission bands are present in the spectra. The two bands occur at the
same energy in the spectra of the two different crystals, but their relative intensities are
different.

Excitation at 625 nm of the E10Ni and E01Ni crystals gives rise to an emission band centred
at 780 nm; its relative intensity appears to decrease markedly when the Ni2+ concentration is
increased. Moreover, we point out that for the E10Ni crystal its intensity decreases significantly
with temperature. The position and shape of this band are identical to the corresponding feature
for the E10Cr crystal. The band located in the IR peaks at about 1520 nm, and appears to be
identical to the band observed in this region for the E10Cr crystal.

For the E10Ni and E01Ni crystals, the decay curves of the 1500 nm emission appear to
be dependent both on temperature and on Ni2+ concentration (figure 8). For the more diluted
crystal E01Ni, the 12 K decay is exponential, with a decay time of 240µs, whilst the 300 K
decay curve is not perfectly exponential, being characterized by a decay time at 1/e intensity
of 72µs. For the more concentrated E10Ni crystal, the 12 K decay curve is markedly non-
exponential (figure 8), with a decay time at 1/e intensity of 27µs. At 300 K the decay becomes
even faster, with a decay time at 1/e intensity of 18µs.

The decay curves of the luminescence at 800 nm are almost exponential for the E01Ni
crystal (figure 9), with a decay time close to 35µs at both 12 and 300 K. In the case of the
E10Ni crystal, the decay curves are strongly non-exponential with decay times at 1/e intensity
of 8µs at 12 K and 5µs at 300 K.
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Figure 8. Decay curves of the 1500 nm luminescence for MgSiO3:0.10% Ni (E01Ni) at (a) 12 K
and (b) 300 K and for MgSiO3:1.0Ni (E10Ni) at (c) 12 K and (d) 300 K, following pulsed excitation
at 625 nm.

Figure 9. Decay curves of the 800 nm luminescence for MgSiO3:0.10% Ni (E01Ni) at (a) 12 K and
(b) 300 K and for MgSiO3:1.0Ni (E10Ni) at (c) 12 K and (d) 300 K, following pulsed excitation at
625 nm.

4. Discussion

4.1. 800 nm luminescence

The spectral features observed in the near infrared spectra of the E10Cr crystal can be assigned
to different types of Cr3+ ion in (near) octahedral symmetry crystal fields of intermediate and
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low strengths [8]. Indeed, the low-pressure form of orthoenstatite MgSiO3 is orthorhombic,
space groupPbca[9] with lattice parametersa = 18.21,b = 8.812 andc = 5.178 Å. The unit
cell contains two sets of non-equivalent Mg2+ ions, occupying distorted octahedral sites both
of C1 symmetry, for which the Cr3+ dopant ions can substitute. The behaviour is therefore
similar to that observed for Cr3+ in Mg2SiO4 (forsterite) [8] and in the non-stoichiometric
green spinel [10].

The fluorescence decay measurements also agree with this interpretation. Indeed, the
values observed for the E10Cr crystal are essentially the same as the temperature independent
fluorescence time constants of 23 and 35µs associated with the broad-band emissions of the
Cr3+ ions in the low-field Mg sites of rhombic symmetry (Cr3+ ions having a nearest-neighbour
cation vacancy in the [001] direction) evidenced in the past in Cr:MgAl2O4 [10] and Cr:MgO
[11], respectively.

Luminescence in the near infrared (800–1000 nm) has been observed in the past for several
Ni2+ doped oxide crystals [12, 13] and it has been assigned to the1T2 → 3T2 transition.
However, in the case of the E01Ni and E10Ni crystals, this emission would have been the
result of an excited state absorption process [14], which is not the case, as moderate power
excitation at 625 nm (16 000 cm−1) does not populate the1T2 state, lying above 20 000 cm−1.
For this reason, it does not seem reasonable to attribute the observed emission to Ni2+ centres.
We point out that the luminescence bands peaking at 780 nm of the E01Ni and E10Ni crystals
are similar to the features observed in the same spectral region for E10Cr. Since the Ni doped
samples have been found to contain impurities of Cr, it is conceivable that these emission
bands are to be assigned to the4T2→ 4A2 transition of Cr3+ in enstatite discussed above. In
the case of the crystal more strongly concentrated in Ni (E10Ni) the low relative intensity of
this band at 12 K is attributed to Cr3+ → Ni2+ energy transfer, quenching the luminescence
around 800 nm. This energy transfer process is probably temperature dependent, as the
quenching appears to be severely increased at 300 K. In the spectra of E01Ni, the Cr3+

emission is strong, probably because at this doping level the quenching induced by Ni2+

is not efficient.
This interpretation is corroborated by the decay curves of the 800 nm luminescence

(figure 9). In fact, these results obtained for E01Ni and E10Ni agree with energy transfer
processes quenching the luminescence from the4T2 of the Cr3+ impurities in the more
concentrated crystal.

4.2. 1500 nm luminescence

The emission located around 1520 nm of the E10Cr crystal is well beyond the emission range
of any low-field Cr3+ ion so it was tentatively associated with the presence of Cr4+ ions in
tetrahedral sites, as in the case of Cr:forsterite [8] and, possibly, of Cr:Li2MgSiO4 [3]. There
are, however, two fundamental differences, compared with Cr:forsterite. First of all, the
emission spectrum is characterized by a broad band and a single sharp line subsisting at fairly
high temperature (above 100 K) (figure 3). Moreover, the measured lifetime is very long,
300µs atT = 10 K and 90µs at room temperature (figure 4), compared to that found in the
previously investigated Cr4+ systems (2.7µs in the case of Cr:forsterite [1] and 4.1µs in the
case of Cr:YAG [15], for example).

The same decay constant value was found for the broad band around 1560 nm and the
sharp peak at 1420 nm: this should indicate that they are associated with the same emitting
centre. In Cr:Li2MgSiO4 a similar situation was observed and the broad band and the sharp
peak were tentatively assigned to thermalized3T2→ 3A2 and1E→ 3A2 emission transitions,
respectively [3].



6840 R Moncorǵe et al

The low-temperature excitation spectrum shown in figure 5 does not evidence any clear
feature coincident with the sharp zero-phonon line, but only a weak peak at about 1380 nm
(7250 cm−1).

This last observation makes the possible assignment of the near-infrared luminescence
to thermalized3T2 → 3A2 and1E→ 3A2 emission transitions of Cr4+ somewhat doubtful.
Since the chemical analysis showed the presence of unintentional Ni impurities, an alternative
explanation would be that the emission around 1520 nm is related to the presence of Ni2+

octahedral centres, which are known to emit at this wavelength [12, 16].
In the case of luminescence spectra of the enstatite crystals E10Ni and E01Ni the band

located in the IR peaks at about 1520 nm appears to be identical to the band observed in this
region for the E10Cr crystal. Moreover, the shape and position of these spectral features are
very similar to the 1500 nm emission band, assigned to the3T2→ 3A2 transition of octahedral
Ni2+, in the case of Ni:Mg2SiO4 (Ni:forsterite) [12]. These analogies suggest that for all the
crystals under investigation the sharp line and the broad band around 1520 nm are assigned to
a Ni2+(Oh)

3T1 → 3A2 transition. It is remarkable that in the case of E10Cr a 110 ppm Ni
impurity (by weight) gives rise to a transition dominating this spectral region.

The excitation spectrum of the 1500 nm emission of the E10Cr crystal (figures 2 and 5)
is similar to the one obtained for Ni:Mg2SiO4 [12] and is assigned to the reverse3T2→ 3A2

transition of octahedral Ni2+. In our case a zero-phonon line could not be evidenced in the
excitation spectrum at 7040 cm−1, but we note that also in the case of forsterite [12] the zero-
phonon line at 7280 cm−1 appeared to be relatively weak in the excitation spectrum. The shift
to low energy of the zero-phonon line on moving from forsterite to enstatite might indicate
that Ni2+ experiences in the latter a weaker crystal field.

In the case of the E10Cr crystal, in which the concentration of Ni2+ is very small (table 1),
the lifetime of the3T2 state is 300µs at 10 K, decreasing to 90µs at 300 K. The 10 K value is
markedly shorter than the one observed by Walkeret al(1.2 ms) for the corresponding transition
in Ni:Mg2SiO4 [12] at low temperature; this difference is attributed to a more distorted symme-
try of the optically active Ni2+ ions in enstatite [4, 12]. In fact, the contribution to the distortion
modulus [17], which measures how much the structural perturbations remove the inversion
symmetry, has values 0.0690 and 0.3056 for the Mg(I) and Mg(II) sites of MgSiO3, respectively,
and 0 and 0.2615 for the Mg(Ci) and Mg(Cs) sites of Mg2SiO4, respectively. The electric dipole
transition probability is therefore expected to be higher for Ni2+ in enstatite than in forsterite.

The decay curve of the 1500 nm emission from the3T2 state of octahedral Ni2+ centres
at 300 K is not perfectly exponential in E01Ni, and it is shorter than at 12 K. A significant
shortening of the decay is expected to be induced by multiphonon relaxation; however some
temperature dependent concentration quenching effects are probably present at this doping
level, as shown by the weakly non-exponential shape of the decay curve. For comparison
purposes, the decay time observed at 300 K for Ni:forsterite is about 300µs [12].

For the more concentrated E10Ni crystal, the 12 K decay curve is markedly non-
exponential (figure 8). In this case, the presence of concentration quenching is obvious.
At 300 K the decay becomes even faster, presumably due to thermally activated concentration
quenching processes.

5. Laser potential

Based on the results discussed above, we calculated the stimulated emission cross sectionσe
of the infrared emission of Ni2+ ions in enstatite MgSiO3. We used the usual equation

σe(λ) = λ5

8πn2cτr

I (λ)∫
λI (λ) dλ
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wherec is the velocity of light,n the refractive index,τr the radiative lifetime of the emitting
level andI (λ) is the emission intensity. We assumedn = 1.65, i.e. a value close to the
one pertinent to the similar host Mg2SiO4, and we took for the radiative lifetime the value
τr = 300µs, corresponding to the decay time of the3T2 → 3A2 transition at 10 K in the
very diluted E10Cr crystal (see above).σe peaks around 1550 nm, with a maximum value of
3× 10−20 cm2. Due to the significantly smaller value of the radiative lifetime, induced by the
distortion of the Ni2+ sites discussed above, the cross section in MgSiO3 is roughly one order
of magnitude higher than observed for Ni2+ in crystals like MgO and MgF2 [13]. In the present
case,τf (300 K) = 90µs andσe = 3× 10−20 cm2; this situation is comparable to what was
found for the important laser crystal Cr3+:LiCaAlF6 (LiCAF), for which τf (300 K) = 170µs
andσe = 1.3× 10−20 cm2 [18]. This result appears to be promising. However, it has to
be considered that the shortening of the decay time indicates that the luminescence quantum
efficiency at room temperature is about 30%, and that concentration quenching appears to
occur. Moreover, the effect of excited state absorption will have to be carefully examined.

6. Conclusions

The luminescence spectroscopy of enstatite MgSiO3 single crystals intentionally doped with
both Cr or Ni appears to be strongly influenced by the presence of unintentional impurities.
Chemical analysis has shown the presence in all the crystals under investigation of Cr, Ni and V.
Whereas this last impurity clearly originates from the vanado-molybdate flux employed in the
crystal growth, and appears to be present as VO3−

4 ions [4], the occurrence of Ni2+ luminescence
in Cr:MgSiO3 and Cr3+ luminescence in Ni:MgSiO3 has given rise to unexpected features in
the optical spectra. We point out that the crystals under investigation were grown using reagent
grade starting materials and that the presence of impurities (a few hundred ppm in weight)
was sufficient to originate strong luminescence bands, in particular in the case of the 1500 nm
emission band of Ni2+.

The laser potential of Ni:MgSiO3 around 1500 nm appears to be promising, asσeτf =
2.7× 10−24 cm2 s. In this regard, we point out that it is possible to grow MgSiO3 crystals of
size 6× 4× 5 mm3 using the top-seeded solution growth method [6].
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