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Santander, Noviembre de 2010



112 5.3. Rare-earth and transition-metal ions co-doped systems

Conclusions

GGG and YAG nanoparticles co-doped with Tb3+ or Eu3+ and Yb3+ have been prepared

by the sol-gel Pechini’s method. The average size of the particles is around 30-40 nm, as

shown by XRD and TEM measurements. Green and blue Tb3+ emission as well as red

Eu3+ luminescence have been studied and identified. Excitation in the NIR region around

10250 cm−1 leads to strong Tb3+ and Eu3+ visible UC emission at RT. The experimental

results and theoretical rate equations model confirm the cooperative sensitization as the

UC mechanism responsible for the UC luminescence. The presence of Er3+ impurities and

its consequent luminescence upon 10250 cm−1 excitation in Eu3+-Yb3+ co-doped systems

is not relevant for the Eu3+ UC emission.

5.3 Rare-earth and transition-metal ions co-doped

systems

In the previous section, different UC systems involving combinations of RE ions have been

studied. Opposite to f−f transitions in RE ions, d−d transitions of TM ions are much

more sensitive to the local environment, and therefore, associated UC properties might be

tuned by changing the crystal composition [45] or by applying hydrostatic pressure [46].

For instance, depending on the crystal-field strength, Mn2+ can emit from the blue-green

to the deep red spectral region. In this sense, the combination of lanthanide and TM ions

extends the UC luminescent tuning capability through changes in both energy resonances

and emitting state energies.

The first demonstration of UC luminescence in TM-RE mixed systems was observed

in Yb3+-doped CsMnCl3 and RbMnCl3, and in Cr3+-Yb3+ co-doped Y3Ga5O12 at low

temperatures [47], [48]. A GSA/ESA process between Mn2+-Yb3+ dimer states was es-

tablished as the main mechanism involved in the red UC luminescence in Yb3+-doped

RbMnCl3 single-crystal [49]. This host incorporates trivalent impurities as Mn2+-Yb3+

pairs with charge compensation vacancies. The use of manganese hosts ensures cluster-

ing since Yb3+ ions has always a Mn2+ ion as a near neighbor. The same model was

proposed to explain both Mn2+ and Yb3+-pairs UC emission in Yb3+-doped CsMnBr3
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single crystals [50]. Evidence of GSA/ETU between Mn2+-Yb3+ dimers was found in

Yb3+-doped CsMnCl3 [19]. All these compounds showed UC luminescence only at low

temperature. It is well known that concentrated TM compounds exhibit luminescence

quenching as temperature increases. This phenomenon was explained by thermally acti-

vated excitation migration and subsequent transfer to non-radiative traps [51]. Therefore,

the temperature-induced luminescence quenching is inherent to concentrated manganese

systems, and occurs independently of the excitation way, either in the NIR or directly in

the Mn2+ ions in the UV-visible region, although the quenching temperature is lower in

the former case. Since the Mn2+-Yb3+ UC systems studied up to now were only efficient

at cryogenic temperatures, the combination of TM and RE ions has not been exploited

for applications as UC luminescent materials.

Another difficulty related to the UC luminescence investigation involves finding suit-

able host lattices able to accommodate both Mn2+ and Yb3+ at well defined sites without

charge compensation. Regarding this subject, micropowders of LMA co-doped with dif-

ferent Mn2+ and Yb3+ concentrations have been prepared in this work. As we will see,

this host meets the impurities incorporation requirements. Since the as obtained powders

can be milled in the planetary ball mill subsequently, this might be a good initial step

to obtain LMA: Mn2+, Yb3+ nanoparticles. The experimental results shown in this sec-

tion allow to establish the UC mechanisms involved in Mn2+-Yb3+ co-doped LMA, and

determine the effect of doping concentrations on the UC efficiency.

5.3.1 Mn2+, Yb3+ co-doped LaMgAl11O19

Synthesis and characterization

LMA crystallizes in the PbFe12O19 magnetoplumbite-type structure (hexagonal, P63/mmc

space group) [52]. It consists of spinel blocks separated by an intermediate layer containing

three oxygen ions, one lanthanum and one aluminum per spinel block. Mg2+ ions are

accommodated into the spinel blocks. LMA doped with Mn2+ is a well-known green

phosphor which can be excited by vacuum UV radiation and used in plasma display

panels [53]. In Mn2+-Yb3+ co-doped LMA, Mn2+ ions occupy the tetrahedral Mg2+ sites

whereas Yb3+ replaces La3+.



114 5.3. Rare-earth and transition-metal ions co-doped systems

Figure 5.44: XRD patterns of LMA: 2%Mn2+, 5%Yb3+ (a) and LMnA: 1%Yb3+ (b). Colored dots
show the experimental data and black lines the Rietveld refinements.

LMA microcrystalline samples doped with nominal concentrations of 1%Mn2+-1%Yb3+,

2%Mn2+-5%Yb3+, and LaMnAl11O19 (LMnA) doped with 1%Yb3+ have been prepared

by the precipitation method described in Section 3.6. LMA: 1%Mn2+, 1%Yb3+ has also

been synthesized by a combustion route. XRD patterns of 2%Mn2+-5%Yb3+ co-doped

LMA and 1%Yb3+-doped LMnA are shown in Fig. 5.44. Both patterns indicate a fairly

good crystallization of synthesized powders in the magnetoplumbite structure [54]. For

the structural refinement, the ”vacancy model” published by Iyi et al. on a lanthanum

hexa-aluminate compound has been exploited [55].

The Rietveld refinement of the LMA: 2%Mn2+, 5%Yb3+ XRD pattern is consis-

tent with the magnetoplumbite structure with lattice parameters a=5.5602(5) Å and

c=22.055(4) Å, but also reveals small traces ( ∼4% volume fraction) of Al2O3 (R−3c space

group). Similarly, the XRD pattern of LMA: 1%Mn2+, 1%Yb3+ (data not shown) reveals

the magnetoplumbite structure with lattice parameters a=5.5678(2) Å and c =22.026(2)

Å of the as obtained powders, and traces of Al2O3 are also detected. The divalent ion

occupies exclusively the 4f site (0.5 occupancy factor) together with an Al3+ ion and both

ions are tetrahedrally coordinated by oxygens with a C3v point symmetry [52].

For the LMnA powders containing Mn2+ instead of Mg2+ similar results are obtained;
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97% of LMnA magnetoplumbite structure and small traces of Al2O3. Mn2+ ions also

occupy only the 4f site (C3v symmetry) [56]. For this phase the refined cell parameters

are: a = 5.5818(5) and c=22.070(3) Å. The increased cell parameters observed for LMnA

in comparison with LMA reflect the bigger ionic radius of Mn2+ with respect to Mg2+.

Figure 5.45: Unit cells for LMA (left) and LMnA (right) crystals. The tetrahedral coordination of
Mg2+ or Mn2+ by oxygens is illustrated.

The unit cells of the LMA and LMnA crystal structures are shown in fig. 5.45. There

are two different sites for the lanthanides in both LMA and LMnA phases. In the LMA

sample, the principal site (0.49 occupancy) has D3h symmetry and a 12-fold coordination

number, whereas the satellite La site (0.115 occupancy) has a lower point symmetry (C2v)

[52]. In the case of LMnA compound, the satellite La site has the same point symmetry

as in LMA, but with lower occupancy factor (0.05), whereas there is a change in the

point symmetry (from D3h to Cs) in the principal La site. From our structural refinement

the following distances are obtained: La(1)-Mg=5.844 Å and La(2)-Mg=5.728 Å for LMA

and La(1)-Mn=5.795 Å and La(2)-Mn=5.724 Å for LMnA. The shortest La-La distance is

11.337 Å and 11.324 Å for LMA and LMnA, respectively. All these distances are relevant

for Mn2+-Yb3+ interaction and the subsequent energy transfer process.

Optical properties

Luminescence, excitation and lifetime measurements have been carried out on different

Mn2+-Yb3+ co-doped LMA samples. An extended spectroscopic investigation to clarify
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the effects of Mn2+ and Yb3+ concentrations as well as temperature on UC luminescence

properties is presented.

Figure 5.46: RT spectra of LMA: 1%Mn2+, 1%Yb3+. IR excitation Yb3+ spectrum detecting Mn2+

UC emission (a) 4T1 → 6A1 Mn2+ UC luminescence after IR excitation at 10250 cm−1 (b). RT Mn2+

direct excitation spectrum monitoring the Mn2+ emission at 19455 cm−1 (c). Mn2+ peaks are labeled
according to the Tanabe-Sugano diagram for tetrahedral Mn2+ with ∆=5840 cm−1 and B=730 cm−1.
Mn2+ emission spectrum after direct excitation at 424 nm (d). RT 2F5/2 → 2F7/2 Yb3+ luminescence
(e).

• Synthesis method and concentration dependence.

Figure 5.46(b) and (d) shows the RT Mn2+ luminescence spectra of LMA micro-

crystals prepared by precipitation and doped with 1%Mn2+ and 1%Yb3+ upon IR

and visible excitation, respectively. The green broad band emission extended from

17000 to 20500 cm−1, is assigned to the 4T1 → 6A1 Mn2+ transition in tetrahedral

coordination, and the high energy peaks observed in the UC spectra (Fig. 5.46(b)),

are due to Yb3+-Yb3+ cooperative luminescence [57], [58], [59], [60]. As far as we

know, this is the first observation of green Mn2+ UC luminescence upon Yb3+ ex-

citation at RT. Figure 5.46(a) shows the excitation spectrum in the IR region of

the Mn2+ UC luminescence detecting at 19455 cm−1. Figure 5.46(c) shows the RT

excitation spectrum of the 4T1 → 6A1 Mn2+ luminescence which proves the assign-

ment of the green luminescence to a Mn2+ ion in tetrahedral coordination. Figure
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5.46(e) displays the 2F5/2 → 2F7/2 Yb3+ emission of the LMA: 1%Mn2+, 1%Yb3+

upon excitation at 10250 cm−1.

Figure 5.47: RT luminescence spectra of LMA: 1%Mn2+, 1%Yb3+ prepared by precipitation (black)
and combustion (red) upon excitation at 23580 cm−1 (a) and 10250 cm−1 (b). * is an artifact and
represents the laser at twice the excitation frequency. Measurements were carried out under the same
experimental conditions.

Since high purity green UC luminescence from tetrahedrally coordinated Mn2+ ions

has been demonstrated in LMA: 1%Mn2+, 1%Yb3+ upon Yb3+ excitation, we have

performed different attempts to increase the UC efficiency by changing the synthesis

method or the dopant concentration. Figure 5.47 compares the RT luminescence

spectra of LMA: 1%Mn2+, 1%Yb3+ micropowders prepared by precipitation and

combustion upon visible and IR excitation. It can be observed that for both excita-

tion energies the sample prepared by precipitation has higher luminescence intensity

than the one by combustion. Moreover, UC emission intensity is about an order of

magnitude higher for precipitation powders. Figure 5.48 compares the RT lumines-

cence spectra of co-doped LMA prepared by precipitation for different Mn2+ and

Yb3+ concentrations upon visible and IR excitation. No shift in energy or change

in bandwidth is observed comparing the Mn2+ luminescence after direct and UC
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Figure 5.48: RT luminescence of Mn2+-Yb3+ co-doped LMA upon excitation at 23580 cm−1 (a) and
10250 cm−1 (b) for the following concentrations: 1%Mn2+-1%Yb3+(black), 2%Mn2+-5%Yb3+ (red) and
99%Mn2+-1%Yb3+ (blue). * is a laser artefact appearing at twice the excitation frequency. Measurements
were carried out under the same experimental conditions.

excitation. Considering the Mn2+ sensitivity to surrounding, this indicates that

both direct and UC luminescence are originated from Mn2+ ions having the same

environment, what is an indication of the homogenous distribution of Mn2+ and

Yb3+ impurities in LMA. The green Mn2+ emission in LMA: 2%Mn2+, 5%Yb2+ is

centered at 19430 cm−1 while the same band appears about 50 cm−1 towards higher

energy for LMnA: 1%Yb3+ according to expectations due to the smaller ionic radius

of Mg2+ compared to Mn2+.

It is worth noting that Mn2+ emission is obtained for all doping concentrations upon

excitation in both 23580 cm−1 and 10250 cm−1 bands even above RT. For direct

Mn2+ excitation (Fig. 5.48(a)), the RT luminescence intensity ratio of the pure

manganese compound (LMnA) to the Mn2+-doped LMA has been found to be ap-

proximately 1:5, while the intensity for 1%Mn2+ and 2%Mn2+ compounds is roughly

the same. This drastic reduction of emission intensity could be initially ascribed

to thermally activated energy migration and partial trapping into non-luminescent
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impurities as commonly occurs in concentrated manganese systems. Figure 5.48(b)

shows that UC intensity in 2%Mn2+-5%Yb3+ co-doped LMA is about an order

of magnitude higher than the UC in 1%Mn2+-1%Yb3+ co-doped LMA. Consider-

ing crystalline quality and emission efficiency, LMA co-doped with 2%Mn2+ and

5%Yb3+ doping level and prepared by precipitation provides an optimum efficient

UC system.

• Temporal evolution.

The temporal evolution of the RT 4T1 → 6A1 Mn2+ green luminescence has been

recorded after direct Mn2+ excitation into the 4A1, 4E levels at 23580 cm−1, and IR

excitation into the 2F7/2 → 2F5/2 Yb3+ transition at 10205 cm−1, with 10 ns short

pulses for LMA: 1%Mn2+, 1%Yb3+, LMA: 2%Mn2+, 5%Yb3+ and LMnA: 1%Yb3+

samples (Fig. 5.49). The intensity time-dependence of the Mn2+ emission after

visible excitation shows a single exponential decay with lifetimes of τ=6.2 ± 0.1 ms

for LMA: 1%Mn2+, 1%Yb3+ and LMA: 2%Mn2+, 5%Yb3+, and τ=3.8 ± 0.1 ms for

LMnA: 1%Yb3+ (Fig. 5.49(a), (b) and (c)). However, the time dependence of the

UC Mn2+ luminescence after IR excitation presents a different behavior comparing

diluted and undiluted systems. A single exponential decay is observed in LMA:

1%Mn2+, 1%Yb3+ (τ=5.8 ± 0.2 ms, Fig. 5.49(d)) and LMA: 2%Mn2+, 5%Yb3+

(τ=5.2 ± 0.2 ms, Fig. 5.49(e)). This lifetime is significantly faster than the one

obtained by direct Mn2+ excitation (τ=6.2 ms) as it was previously observed in

Yb3+-doped RbMnCl3. It is probably related to an increase in the emission proba-

bility due to the Mn2+-Yb3+ interaction, or to an additional Mn2+ → Yb3+ decay

path, within the UC-efficient clusters [49]. In the case of LMnA: 1%Yb3+, a lu-

minescence intensity rise before decaying is clearly detected (Fig 5.49(f)). These

differences are crucial to identify the UC mechanism involved in these systems as it

will be discussed later on.

Figure 5.50 shows the temporal evolution of the Yb3+-Yb3+ cooperative lumines-

cence in LMA: 2%Mn2+, 5%Yb3+ upon IR modulated excitation at 10205 cm−1 at

15 K (a) and RT (b). The decay can be described by a single exponential function
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Figure 5.49: RT temporal evolution of the normalized Mn2+ 4T1 → 6A1 emission intensity after pulsed
excitation at 23580 cm−1 in LMA: 1%Mn2+, 1%Yb3+ (a), LMA: 2%Mn2+, 5%Yb3+ (b) and LMnA:
1%Yb3+ (c). And temporal behavior of the Mn2+ UC emission after pulsed excitation at 10205 cm−1 in
LMA: 1%Mn2+, 1%Yb3+ (d), LMA: 2%Mn2+, 5%Yb3+ (e) at RT, and LMnA: 1%Yb3+ (f) at both 15
K and RT. The insets show the same data in semi-logarithmic scale. Continuous lines are the results of
different fitting procedures (see text).
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Figure 5.50: Temporal behavior of the normalized Yb3+-pairs emission in LMA: 2%Mn2+, 5%Yb3+

after pulsed excitation at 10205 cm−1 at 15 K (a) and RT (b). The insets show the same data in
semi-logarithmic scale.

with lifetimes of τ=470 ± 10 µs at 15 K and τ=220 ± 10 µs at RT.

In LMA: 2%Mn2+, 5%Yb3+ a lifetime of 5.2 ms has been obtained for the Mn2+ UC

emission (Fig. 5.49(e)) while the RT lifetime of Yb3+-Yb3+ cooperative luminescence

is 220 µs (Fig. 5.50(b)). Since both lifetimes differ by an order of magnitude, we can

separate both UC luminescence by time-resolved spectroscopy. Figure 5.51 shows

both Mn2+ green emission (broad band centered at 19430 cm−1) and Yb3+-pairs

luminescence (higher energy peaks above 19500 cm−1) upon IR excitation at 10205

cm−1 taken at different delay times after the excitation pulse. It can be seen that

the Yb3+-Yb3+ cooperative emission intensity decreases much faster than the Mn2+

UC luminescence intensity according to their lifetimes. The figure clearly illustrates

this phenomenon showing the rapid decay of Yb3+-pairs luminescence in a ms time

scale while the Mn2+ UC emission remains almost constant for this time.

• Temperature dependence.

The temperature dependence of luminescence intensity and lifetime presents dif-

ferent trends for co-doped LMA at low concentrations of Mn2+ and pure LMnA

microcrystalline samples. Figure 5.52 shows the temperature dependence of the

normalized emission intensity (I/Imax) and the lifetime (τ) of the 4T1 → 6A1 Mn2+

transition in LMA: 2%Mn2+, 5%Yb3+ and LMnA: 1%Yb3+ upon IR excitation at

10205 cm−1 in the 15-600 K range. It must be noted that for LMA: 2%Mn2+,
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Figure 5.51: 15 K UC time-resolved emission of LMA: 2%Mn2+, 5%Yb3+ exciting at 10205 cm−1 using
different delay times after the short excitation pulse.

Figure 5.52: Temperature dependence of the normalized Mn2+ UC luminescence intensity (red circles)
and Mn2+ UC emission lifetime (open red squares) in LMA: 2%Mn2+, 5%Yb3+. And temperature
dependence of the normalized Mn2+ UC luminescence intensity (blue triangles) and Mn2+ UC emission
lifetime (blue squares) in LMnA: 1%Yb3+ after 10205 cm−1 excitation. The lines correspond to fittings
according to eqs. 5.2, 5.3 and 5.4 (see text).
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5%Yb3+ the UC luminescence intensity remains almost constant up to RT. Al-

though above this temperature the quenching process becomes important and the

UC luminescence intensity starts to decrease, it still remains up to 600 K. The as-

sociated UC lifetime follows a similar trend; it diminishes slightly from 10 to 300 K

and steeply decreases above this temperature. Both the intensity and the lifetime

have a similar behavior pointing out the non-radiative character of the UC lumines-

cence decrease. An analogous behavior is detected for both lifetime and intensity

in LMA: 1%Mn2+, 1%Yb3+ (data not shown for clarity). The quenching process

of the Mn2+ UC luminescence is rather different in LMnA: 1%Yb3+ as shown in

Fig. 5.52. As it usually happens in concentrated materials, the Mn2+ emission is

thermally quenched at much lower temperatures (T <100 K) than in Mn2+ diluted

samples. This is an intrinsic behavior of concentrated manganese and it is usually

accompanied by a similar lifetime decrease with temperature [51], [61]. However,

since in this case the lifetime remains pretty constant until RT, the reduction in

the intensity due to migration and subsequent quenching is unlikely. Instead, the

photoluminescence dwindle above 100 K which is induced either by direct excita-

tion into the 4A1, 4E Mn2+ state or via UC in LMnA: 1%Yb3+, must be ascribed

to a decrease in the effective Mn2+ excitation with temperature. As it is shown

below, this puzzling I(T ) behavior between 0 and 300 K can be phenomenologically

described through a thermal deactivation process for Mn2+ excitation.

In order to model Mn2+ luminescence in LMA: 2%Mn2+, 5%Yb3+ let us assume that

the radiative lifetime, τR, does not change significantly with temperature. According

to a model proposed by Mott, thermally activated non-radiative processes can be

described by an activation energy, Ea, with a pre-exponential frequency factor, p

[62]. Consequently, the lifetime and intensity dependence on temperature have been

fitted according to Eqs. 5.2 and 5.3. In both cases the fitted parameters are Ea =

0.26 eV and p = 180×103 s−1 for LMA: 2%Mn2+, 5%Yb3+.

τ(T ) =
1

1
τR

+ p · exp(−Ea/KBT )
(5.2)
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I(T )

Imax
=

1

1 + p · τR exp(−Ea/KBT )
(5.3)

It must be mentioned that this simple model explains why I(T ) and τ(T ) behave

with temperature in the same manner. Both the activation energy (Ea = 0.26 eV)

and the Mn2+ dilution suggest that the non-radiative process is associated with mul-

tiphonon relaxation within (MnO4) units. In this analysis, it is assumed that the

excited Mn2+ via either UC or direct excitation is approximately temperature inde-

pendent. Nevertheless, in the case of LMnA: 1%Yb3+, eq. 5.3 must account for the

fraction of excited Mn2+ as a function of temperature: ER(T ) = [Mn](T )/[Mn](0)

with [Mn] being the concentration of excited Mn2+. Hence, eq. 5.3 transforms to

I(T )

Imax
=

ER(T )

1 + p · τR exp(−Ea/KBT )
(5.4)

On the assumption that the up-converted Mn2+ does not change with temperature

(ER = 1), we then obtain the same variation for I(T ) and τ(T ) as eq. 5.2 and 5.3.

However, this is not the case if ER varies with temperature. The I(T ) reduction

above 100 K observed in LMnA: 1%Yb3+ keeping τ(T ) constant up to RT, can

be explained through this model if we consider that Mn2+ excitation is thermally

deactivated: ER = (1 − α exp(−∆/KBT )) where ∆ is the activation energy and α

is the pre-exponential factor. The experimental I(T ) data (blue) behaves in this

way for values of ∆ = 5.6 meV and α = 1.2. Although the present model makes

the reduction of intensity and the lifetime constancy compatible, its microscopic

origin is unclear. This thermal behavior is unusual for Mn2+ concentrated systems

in which I(T ) correlates with τ(T ).

• UC mechanism.

The RT 4T1 → 6A1 Mn2+ UC luminescence intensity versus the excitation power

density at 10250 cm−1 for LMA: 2%Mn2+, 5%Yb3+ is plotted on a double logarith-

mic scale in Fig. 5.53. This system presents a quadratic power dependence below

1.5 Wcm−2 which is the typical behavior of a two-photon excitation process in the
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Figure 5.53: Excitation power density dependence of the RT Mn2+ UC emission in LMA: 2%Mn2+,
5%Yb3+ upon excitation with a LD at 10250 cm−1.

Figure 5.54: Energy level diagram in a Mn2+-Yb3+ dimer notation with the Mn2+ emission and the
proposed UC mechanisms.

low-power regime. The slope decreases from 2 to 1.5 at higher excitation power

densities as explained before [24], [25]. Since excitation occurs into 2F5/2 Yb3+

states, and emission takes place from 4T1 Mn2+ states, the active UC mechanism in

the three studied samples, LMA: 1%Mn2+, 1%Yb3+, LMA: 2%Mn2+, 5%Yb3+ and

LMnA: 1%Yb3+ must involve the participation of both Yb3+ and Mn2+ ions. Mn2+

has no intermediate resonant states with Yb3+; hence, GSA/ESA and GSA/ETU

mechanisms in pure ions must be ruled out in these systems. A simple model based

on an exchange-coupled Mn2+-Yb3+ dimer state was previously proposed to explain

the experimental behavior in Yb3+-doped RbMnCl3, CsMnBr3 and CsMnCl3 [47],

[49].
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The UC emission in LMA: 1%Mn2+, 1%Yb3+ and LMA: 2%Mn2+, 5%Yb3+ (Fig.

5.49 (d) and (e)) shows an immediate decay after the laser pulse with no rise due

to energy transfer longer than 80 ns (low detection limit). According to the LMA

crystal structure (Fig. 5.45), the shortest Mn2+-Yb3+ distance for Mn2+-O-O’-Yb3+

dimers in Mn2+-Yb3+ co-doped LMA is 5.728 Å. In agreement with Luzón et al.

and Hehlen and co-workers, superexchange distances can be as long as 6-8 Å; thus,

dimers in co-doped LMA are able to exhibit a superexchange pathway [63], [64].

Taking into consideration a GSA/ESA-type mechanism in Mn2+-Yb3+ dimers, the

GSA step is predominantly a single ion process in Yb3+, but the ESA step requires

the mixing of Mn2+ and Yb3+ states. The rise of the emission intensity after the

excitation pulse in LMnA: 1%Yb3+ (Fig. 5.49(f)) evidences the contribution of

some non-radiative energy transfer process after the pulse to the UC mechanism.

The involved processes can be GSA/ETU in a dimer or cooperative sensitization.

Once more, the Mn2+-Yb3+ distance in LMnA (5.724 Å) is short enough to allow

dimer formation, hence we propose the GSA/ETU as the actual mechanism. The

Mn2+ lifetime is shorter in LMnA: 1%Yb3+ than in 1% or 2% Mn2+-doped LMA;

this evidences a larger exchange contribution for the pure manganese system. The

fact that the intensity rise does not start from zero is noteworthy. This implies

that there must be an additional excitation within the duration of the laser pulse

governed by a GSA/ESA mechanism and it is another evidence of dimer formation.

Considering that the lifetime of the 2F7/2 − 4T1 dimer state (see Fig. 5.54) is

approximately the same as Mn2+ lifetime after direct excitation, it is possible to

estimate the GSA/ESA and GSA/ETU contributions to the total intensity as we

have done for Y2O3: Er3+, Yb3+ nanoparticles (Section 5.2.1) [19]. At 15 K, about

23% of the total UC luminescence is due to excitation within the pulse, GSA/ESA,

while contributions of 33% and 67% have been obtained at RT for GSA/ESA and

GSA/ETU mechanisms respectively.

Figure 5.54 shows a schematic representation of an exchange-coupled Mn2+-Yb3+

dimer and an Yb3+ nearby monomer along with the proposed mechanisms for the UC

luminescence; GSA/ESA for LMA: 1%Mn2+, 1%Yb3+ and LMA: 2%Mn2+, 5%Yb3+
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and both GSA/ESA and GSA/ETU for LMnA: 1%Yb3+. The dimer intermediate

state are dominantly localized on Yb3+ while the higher excited states are mainly

localized on Mn2+ ions [49].

Figure 5.55: Relevant levels involved in the GSA/ESA and GSA/ETU UC processes in LMnA: 1%Yb3+.

The temporal evolution of the LMnA: 1%Yb3+ can be simulated considering GSA/ESA

and GSA/ETU mechanisms according to the five level system shown in Fig. 5.55

involving an Yb3+ ion and a Mn2+-Yb3+ dimer. Within this model, the coupled

differential rate equations describing the population of each level, Ni can be written

as:

dN0

dt
= −GN0 +

N1

τ1

+WETUN1N3

dN1

dt
= GN0 −

N1

τ1

−WETUN1N3

dN2

dt
= −GN2 +

N3

τ3

+
N4

τ4

(5.5)

dN3

dt
= GN2 −

N3

τ3

− EN3 +
N4

τ43

−WETUN1N3

dN4

dt
= EN3 −

N4

τ43

+WETUN1N3 −
N4

τ4

where τi represents the lifetime of each level Ni, G and E are the power dependent

GSA and ESA rate constants, respectively, and WETU is the two-center energy-

transfer process parameter. τ1 and τ3 are known from the experimentally measured

Yb3+ lifetime; 940 µs at 15 K and 370 µs at RT, which are significantly longer than
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those obtained for LMA: 2%Mn2+, 5%Yb3+, while τ4 is the Mn2+ emission lifetime;

4.4 ms at 15 K and 3.8 ms at RT. By fitting the time dependent evolution of the

UC luminescence in LMnA: 1%Yb3+ to this set of equations, we obtain an energy

transfer rate, WETUN1N3, of 2310 s−1 and 3125 s−1 for RT and 15 K respectively

(Fig. 5.49(f)).

Nevertheless, the UC intensity evolution depicted in Fig. 5.49(f) can be expressed

in terms of Mn2+ and Yb3+ lifetimes. In fact, the rate equation for N4(t ≥ 0) can

be solved analytically under the assumption that Yb3+ populations, N1 and N3,

are similar (N1 ≈ N3), both decaying as N3 = N0
3 exp(−t/τ3). This approxima-

tion yields the following time-dependent Mn2+ population: N4 = N0
4 (exp(−t/τ) −

α exp(−2t/τ3)). The parameter 1
τ

= 1
τ4

+ 1
τ43

, governing the temporal decay of Fig.

5.49(f), is directly related to the Mn2+ lifetime, whereas τ3 controls the intensity

rise after t = 0. The parameters α and N0
4 determines the Mn2+ population at t = 0

due to GSA/ESA. By fitting the intensity temporal dependence in Fig. 5.49(f) to

this approximate equation, the following parameters are obtained: τ = 4.2 ms and

τ3 = 960 µs at RT, and τ = 4.7 ms and τ3 = 435 µs at 15 K. These values are quite

similar to Mn2+ and Yb3+ lifetimes, respectively, what supports the proposed UC

GSA/ETU mechanism in LMnA: 1%Yb3+.

Conclusions

The spectroscopic study carried out on LMA microcrystals doped with different Mn2+

and Yb3+ concentrations indicates that Mn2+ UC luminescence is very efficient in these

systems even at RT. LMA crystallizes with the magnetoplumbite crystal structure where

Mn2+ ions are tetrahedrally coordinated by oxygen atoms. Mn2+ UC luminescence and

Yb3+-pairs emission have been detected in all samples. It has been demonstrated that

UC luminescence takes place via GSA/ESA mechanism for LMA: 1%Mn2+, 1%Yb3+ and

LMA: 2%Mn2+, 5%Yb3+, whereas an additional GSA/ETU contribution participates in

LMnA: 1%Yb3+. This conclusion is based on time-resolved spectroscopy and impurity

concentration dependent experiments. The theoretical rate equations model confirm the

different proposed UC mechanisms involving Mn2+-Yb3+ dimer formation. In all LMA
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and LMnA systems the luminescence via UC is observed up to RT and above 500 K

in the case of LMA: 2%Mn2+, 5%Yb3+, being this UC emission an order of magnitude

stronger than any other. Mn2+ UC luminescence in LMA: 2%Mn2+, 5%Yb3+ remains

very intense up to RT but at higher temperatures both the emission intensity and lifetime

decrease in a similar manner, pointing out the non-radiative character of the quenching.

On the contrary, an unusual decrease in the Mn2+ luminescence above 100 K with a

constant lifetime has been detected in LMnA: 1%Yb3+. This cannot be ascribed to

Mn2+ migration and subsequent quenching, and it must be related to a decrease of Mn2+

pumping efficiency.

5.4 Transition-metal ions doped nanoparticles

Optical properties of materials containing TM ions depend on different factors such as site

symmetry and crystal-field strength. The application of high pressure to these systems

changes the crystal-field strength experienced by the TM ion, and it may also modify

the symmetry. Hence, it is a powerful tool to obtain information about TM luminescent

properties by continuously changing bond distances as well as crystal-field strengths or

covalency [65].

Depending on the crystal-field strength, the lowest Cr3+ emitting level can be the 4T2

or the 2E state (see Fig. 2.5) [51]. Each excited state exhibits different luminescence

properties due to the different electron-lattice coupling. Typical emission features for the

weak crystal-field case are a fast decay and broad emission band due to the spin-allowed

4T2 → 4A2 transition. In contrast, the narrow R-lines emission associated with the spin-

forbidden transition from the 2E level to the 4A2 ground state is expected for the strong

crystal-field scenario. An interesting situation arises for intermediate crystal-field, when

the crystal-field strength on Cr3+ ions is near the 4T2 − 2E excited-state crossover (ESCO),

and the energy separation between both states is small. In this case, the 4T2 state may

interact with the 2E state through thermal population effects [66] or through spin-orbit

coupling [67], and the lowest emitting state is a mixture of both excited levels [65]. The

effect of the 2T1 state has been neglected in this work for simplicity. Oxide garnets are

attractive host materials to investigate ESCO processes since they provide intermediate
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crystal-fields around Cr3+ which are close to the 4T2-2E crossing point, resulting in a

strong coupling of the excited states [68]. Concretely, in bulk GGG: Cr3+, the 4T2 state

has been seen to be located approximately 300-400 cm−1 above the 2E level (see Fig. 2.5)

[69], [70].

The luminescence spectra associated with the 2E → 4A2 transition of octahedral Cr3+

in YAG: Cr3+ single crystal was investigated by Wall et al. as a function of temperature

[66]. The spectra presented sharp R-lines 2E → 4A2 emission, as well as low energy

sidebands. These sidebands were more important at higher temperatures and their nature

was discussed since it could be attributed to both vibronic transitions and exchange

coupled Cr3+ pairs. These authors also pointed out another possibility; the emission from

the 4T2 state. However, only vibronic processes were established to be responsible for the

sidebands in this case.

As it was mentioned before, the application of high pressure allows to continuously

tune the Cr3+ crystal-field strength, and hence to investigate the 2E − 4T2 coupling.

Cr3+ ESCO was first observed by Dolan et al. in K2NaGaF6: Cr3+ at 6.1 GPa and 154

K [71]. Moreover, a complete change from broadband to ruby-like emission was observed

in LiCaAlF6: Cr3+ at RT and 28 GPa [67]. The RT high pressure luminescence study in

bulk GGG: Cr3+ was carried out by Hömmerich et al. [69]. The emission spectra showed a

broad band at ambient pressure, indicative of the 4T2 → 4A2 transition, and the reduction

of this broad band intensity accompanied by the increase of R-lines emission, 2E → 4A2,

induced by the application of pressure up to 10 GPa. This change from broad band

emission to ruby-like emission was correlated with the increase in the emission lifetime

with pressure, corresponding to the transformation from the spin-allowed 4T2 → 4A2 to

the spin-forbidden 2E → 4A2 transition. As far as we know, no studies on GGG: Cr3+

nanoparticles under high pressure have been carried out so far.

5.4.1 Cr3+-doped Gd3Ga5O12

Synthesis and characterization

0.5%Cr3+-doped GGG nanocrystals have been prepared by Pechini’s method as described

in Section 3.4. It was stated that for Nd3+-Cr3+ co-doped GGG single crystals, Nd3+



5. Insulating materials. Luminescent properties 131

replaces Gd3+ sites while TM3+, in particular Cr3+, occupies Ga3+ sites [30]. Hence,

unlike RE3+ doped GGG, the amount of Cr3+ ions (0.5% mol) is with respect to Ga3+.

From XRD patterns, the nanoparticles has been seen to exhibit the garnet structure with

an average size of 30 nm, similarly to the case of lanthanides doped GGG (see Fig. 5.27).

Optical properties

Since Heer et al. detected UC emission at low temperatures in Cr3+-Yb3+ co-doped

Y3Ga5O12 and YAG single crystals [48], [72], we initially focused on the UC luminescence

study in GGG: Cr3+, Yb3+ nanoparticles. However, no UC emission was detected in these

samples even at low temperatures. Owing to the fact that the crystal-field strength on

the Cr3+ site is very close to the ESCO, we have investigated in this work the optical

properties of Cr3+-doped GGG nanoparticles as a function of temperature and pressure

in order to establish the effect of the ESCO on the optical behavior of nanocrystalline

GGG. Luminescence and lifetime measurements have been performed on GGG: 0.5%Cr3+

nanoparticles in the 25-300 K range as well as under hydrostatic pressure up to 20 GPa

at RT.

Figure 5.56: RT excitation spectrum of GGG: 0.5%Cr3+ detecting Cr3+ emission at 14085 cm−1. The
arrow corresponds to the R-lines emission energy.

The RT excitation spectrum of GGG: 0.5%Cr3+ nanoparticles monitoring lumines-

cence at 14085 cm−1 is shown in Fig. 5.56. The two broad bands centered around
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15800 and 21700 cm−1 correspond to the spin allowed 4A2 → 4T2 and 4A2 → 4T1 tran-

sitions respectively, in an octahedral environment, with ∆ = 15800 cm−1, B = 705

cm−1 and C = 2880 cm−1. The ∆
B

= 22.4 value is slightly higher than the ESCO ratio,

∆
B

(ESCO) = 22 (Fig. 2.5), close to the situation observed in the bulk.

Figure 5.57: Temperature dependence of the GGG: 0.5%Cr3+ normalized luminescence spectra upon
excitation at 21980 cm−1 at AP.

• Temperature dependence.

Figure 5.57 shows the temperature dependence of the luminescence spectra of GGG:

0.5%Cr3+ nanoparticles upon excitation at 21980 cm−1 in the 25-300 K range. At

RT, only luminescence from the 4T2 state is detected in other Cr3+-doped garnets

such as Gd3Sc2Ga3O12 or La3Lu2Ga3O12 [69], [73], or fluorides [67], according to the

weaker crystal-field strength. In GGG on the contrary, since the 4T2 state is situated

above the 2E one, besides the broadband emission due to the 4T2 → 4A2 Cr3+

transition, sharp lines corresponding to the 2E → 4A2 emission are also observed.

However, when temperature decreases, the intensity of the broad luminescence from

4T2 is reduced, and its diminution is accompanied by the evolution of structured

narrow R-lines emission. The pure 4T2 emission almost disappears at 100 K and the
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Table 5.8: Lifetimes of the GGG: 0.5%Cr3+ nanocrystals corresponding to the R-line
and sidebands emission in the 25-300 K temperature range. The data for the bulk are
extracted from Di Bartolo’s presentation at the Spectroscopy Workshop (Erice 2010) [74].

T/K τ/ms R-line τ/ms R-line τ/ms sidebands τ/ms sidebands
(14410 cm−1) bulk (13985 cm−1) bulk

25 1.68 ± 0.03 1.35 1.69 ± 0.04 1.20
50 1.65 ± 0.04 1.30 1.54 ± 0.03 1.15
100 1.21 ± 0.02 0.85 1.13 ± 0.04 0.80
150 0.59 ± 0.02 0.40 0.57 ± 0.02 0.40
200 0.34 ± 0.02 0.27 0.33 ± 0.03 0.27
250 0.27 ± 0.02 0.19 0.21 ± 0.03 0.19
300 0.19 ± 0.01 0.14 0.19 ± 0.03 0.14

spectra below that temperature show sharp R-line emission with the associated low

energy bands. As it was discussed by Wall et al., the sidebands in the Cr3+ spectra

could be attributed to vibronic transitions, exchange coupled Cr3+ pairs, or emission

from the 4T2 state [66]. Cr3+ pairs emission can be ruled out in our case because of

the low Cr3+ concentration, and the fact that some peaks appears up to 750 cm−1.

Surprisingly, the thermal behavior of Cr3+ luminescence is completely analogous

to the Cr3+ emission spectra upon increasing pressure observed by Hömmerich et

al. for bulk Cr3+-doped GGG. In that work, the 4T2 emission transformed into 2E

emission above 10 GPa (Fig. 2 in Ref. [69]).

The temporal evolution of the ruby-like Cr3+ luminescence (14410 cm−1) as well as

the emission from the sidebands (13985 cm−1), after pulsed excitation with the OPO

at 21980 cm−1 has been recorded in the 25-300 K temperature range. Experimental

data have been fitted to a single exponential, I(t) = I0 exp(−t
τ

) and the best fits

are shown in Table 5.8. The experimental lifetimes for nanocrystals have been

compared with those reported for GGG: Cr3+ in bulk. The values in the case of the

nanocrystals are significantly longer than those of the bulk (unknown concentration)

[74].

It is important to point out that very similar values have been measured for the life-

times of both emissions; R-lines and low energy sidebands. This is clearly observed
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Figure 5.58: 25 K time-resolved luminescence of GGG: 0.5%Cr3+ upon pulsed excitation at 21980
cm−1 using different delay times after the excitation pulse. (Experimental details in Section 4.3.3).

in the 25 K time-resolved luminescence spectra depicted in Fig. 5.58 which shows

both R-line luminescence at around 14410 cm−1, and sidebands emission centered

at 19500 cm−1, upon excitation at 21980 cm−1, obtained at different delay times

after the excitation pulse. On the basis of this temporal behavior, the existence of

different Cr3+ sites as well as Cr3+ pairs luminescence can be rejected.

Figure 5.59 shows the temperature dependence of the Cr3+ luminescence lifetime

in GGG: Cr3+ nanocrystals. The same lifetime is expected for the emission from

the R-line region and from the sidebands if the 4T2 state is thermally populated,

or if both 2E and 4T2 states are coupled through spin-orbit interaction [66], [69].

However, the thermal coupling model cannot account for changes in lifetime when

one of the states is completely depopulated, which is the case of low temperature

data [65]. A model including spin-orbit coupling of the excited states leads to a

common lifetime dominated by the magnitude of the zero phonon line (ZPL) energy

separation between the 2E and 4T2 states, ∆E = EZPL(4T2)−EZPL(2E) = 490 cm−1.

This value is a little higher than the previously reported for the bulk, 300-400 cm−1

[69], [70]. The mixed states resulting from the spin-orbit interaction are given by:
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Figure 5.59: Temperature dependence of the Cr3+ emission lifetime in GGG: Cr3+ nanoparticles. The
line corresponds to the least-square fitting to eq. 5.9 (see text).

Ψ1 = c|2E〉+ d|4T2〉 (5.6)

Ψ2 = d|2E〉 − c|4T2〉 (5.7)

being the spin-orbit mixing coefficients, c and d:

c =

√
1

2

(
1 +

∆E

∆ESO

) 1
2

(5.8)

d =

√
1

2

(
1− ∆E

∆ESO

) 1
2

with ∆ESO =
√

∆E2 + 4V 2
SO, and VSO being the spin-orbit interaction energy.

Considering the lifetimes of each state, τ1 and τ2, the common lifetime can be

described as [51], [65]:

1

τ
=

1
τ1

+ 3 1
τ2

exp
(−∆ESO

kT

)
1 + 3 exp

(−∆ESO

kT

) (5.9)

with

1

τ1

= c2 1

τE
+ d2 1

τT
(5.10)

1

τ2

= d2 1

τE
+ c2 1

τT
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where τE and τT are the intrinsic decays of the 2E and 4T2 levels, respectively.

The obtained fitting parameters are VSO = 58 cm−1, τ1 = 1.67 ms and τ2 = 80 µs.

The spin-orbit interaction is reduced in comparison with the typical free ion value,

215 cm−1, as a consequence of the dynamic Jahn-Teller effect, which is known as

the Ham effect [75], [76]. Since the 4T2 → 4A2 transition is spin-allowed with a short

lifetime, whereas the 2E→ 4A2 one is spin-forbidden with a long lifetime, the lifetime

at low temperature, which corresponds to τ1, represents the maximum contribution

of the 2E state observed in the 25-300 K temperature range; however it cannot be

assumed that τ1 is the intrinsic 2E lifetime. The observed thermal quenching of the

lifetime is due to thermal activation of the 4T2 energy level contribution.

Figure 5.60: Pressure dependence of the GGG: 0.5%Cr3+ nanocrystals RT luminescence upon excitation
at 21980 cm−1.

• High pressure effect.

RT emission spectra in GGG: 0.5%Cr3+ upon excitation at 21980 cm−1 for vari-

ous pressures up to 20 GPa are shown in Fig. 5.60. At 1.5 GPa, the broadband

luminescence from the 4T2 Cr3+ state with a small 2E emission contribution is ob-

served. When pressure is raised the emission changes, and above 15 GPa the band
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Figure 5.61: Schematic representation of the configurational coordinate curves in harmonic approxi-
mation, Q(a1g), for the 4T2 and 2E Cr3+ emitting states at different pressures.

due to 2E → 4A2 Cr3+ emission is predominant. Nevertheless, a structured narrow

R-line emission is not obtained for GGG: 0.5%Cr3+ nanoparticles at RT even at

pressures as high as 20 GPa. In this sense, the pressure-induced changes in GGG:

Cr3+ nanoparticles correspond neither with the results obtained for the bulk [69],

nor with the temperature dependence of the Cr3+ luminescence described in the

previous section. A slight red-shift with pressure is observed for the ruby-like emis-

sion. The effect of pressure on the 4T2 and 2E states can be described considering

that the 4T2 energy depends linearly on the crystal-field splitting, ∆, while the 2E

state is weakly coupled to the lattice. When pressure increases, the volume of the

CrO6 octahedron decreases, and therefore the bond distances RCr-O decrease; since

∆ ∝ 1/R5, the 4T2 energy increases. On the contrary, the 2E energy is only weakly

affected by pressure by the small decrease of B [51]. This fact leads to an important

increment of the energy difference between both states, ∆E, with pressure (Fig.

5.61), and to a consequent decrease in the contribution of the 4T2 state to the mixed

emitting state Ψ1, reflected in the reduction of the d mixing coefficient. As a result,

the spin-allowed character of the emission is reduced. Besides, the thermal popu-

lation of the 4T2 state is also reduced due to the increase of ∆E upon increasing

pressure.

The pressure dependence of the emission lifetimes in GGG: 0.5%Cr3+ nanocrystals
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has been measured at two different zones centered at 14410 cm−1 and 13985 cm−1,

after pulsed excitation at 21980 cm−1, and the best exponential fittings are collected

in Table 5.9. The fact that the same lifetimes have been measured at both energies

reflects again the coupling between the 4T2 and 2E states. The Cr3+ emission

evolution when pressures increases, from a broadband 4T2 → 4A2 luminescence to

a ruby-like 2E → 4A2 emission, is accompanied, as expected, by an increase in the

emission lifetime. Similar behavior although with longer lifetimes was observed for

the bulk in Ref. [69]. The reduction of both the thermal population of the 4T2 state,

and the 2E-4T2 spin orbit mixing contribute to the emission lifetime increase with

pressure.

Table 5.9: Lifetimes of the GGG: 0.5%Cr3+ nanocrystals emission in the 1.5-20 GPa
range.

P / GPa τ/ms τ/ms
(14410 cm−1) (13985 cm−1)

1.0 0.24 ± 0.02 0.22 ± 0.02
1.5 0.24 ± 0.02 0.25 ± 0.02
4.0 0.45 ± 0.05 0.40 ± 0.06
7.6 1.03 ± 0.07 0.96 ± 0.03
10.0 1.87 ± 0.06 1.79 ± 0.04
14.6 3.00 ± 0.08
20.1 3.40 ± 0.10

Since the energy separation between both states, ∆E, increases with pressure (see

Fig. 5.61), it is possible to model the dependence of lifetime on pressure assuming

a linear pressure dependence: ∆EP = ∆E + αP . Figure 5.62 shows the pressure

dependence of the Cr3+ emission lifetime in GGG: Cr3+ nanoparticles as well as the

fitting to eq. 5.9. The resultant fitting values are α = 74 cm−1/GPa, τ1 = 3.51 ms

and τ2 = 29.5 µs. The fitted shift rate is consistent with the experimental values

observed in bulk GGG: Cr3+ (α = 106 cm−1/GPa) [69], and in Cr3+-doped LiCaAlF6

(α = 86 cm−1/GPa) [67]. Since a steady-state lifetime seems to be reached in Fig.

5.62 at 20 GPa, τ1 and τ2 are an accurate estimation for the lifetimes of the 2E and

4T2 states, respectively. The fact that the τ2 value is significantly smaller than the



5. Insulating materials. Luminescent properties 139

pure 4T2 lifetime previously reported for bulk GGG: Cr3+ (65 µs) and YAG: Cr3+

(136 µs) is remarkable [69].

Figure 5.62: Pressure dependence of the Cr3+ luminescence lifetime in GGG: Cr3+ nanocrystals. The
line corresponds to the least-square fitting to eq. 5.9 (see text).

Conclusions

A study on the temperature and pressure dependence of the luminescence and lifetime

properties of Cr3+-doped GGG nanoparticles (30 nm in size) has been carried out. A

spectral transformation from broadband, 4T2 → 4A2, to narrowband, 2E → 4A2 emission,

along with an increase in the lifetime is measured for GGG nanoparticles at low tempera-

tures. This behavior with temperature is analogous to the pressure dependence observed

in GGG: Cr3+ bulk and it indicates that low temperature may have the same tuning

effects on nanoparticles as high pressure in the bulk. On the contrary, the influence of

high pressure on GGG: Cr3+ nanoparticles luminescence is slightly different. A change

from Cr3+ broadband to ruby-like emission is also detected, but at RT structured R-line

emission is not obtained even at 20 GPa. The lifetime dependence on temperature and

pressure has been modeled considering the spin-orbit coupling between the 4T2 and 2E

Cr3+ states.
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[67] M.N. Sanz-Ortiz, F. Rodŕıguez, I. Hernández, R. Valiente, and S. Kück. Origin of

the 2E - 4T2 Fano resonance in Cr3+-doped LiCaAlF6: Pressure-induced excited-state

crossover. Phys. Rev. B, 81: 045114, 2010.

[68] Y.R. Shen and K.L. Bray. Effect of pressure and temperature on the lifetime of Cr3+

in yttrium aluminum garnet. Phys. Rev. B, 56: 10882–10891, 1997.



148 BIBLIOGRAPHY

[69] U. Hömmerich and K.L. Bray. High-pressure laser spectroscopy of Cr3+:

Gd3Sc2Ga3O12 and Cr3+: Gd3Ga5O12. Phys. Rev. B, 51: 12133–12141, 1995.

[70] F.M. Hashmi, R.C. Powell, and G. Boulon. Energy transfer and radiationless relax-

ation processes in Nd3+ and Cr3+ doped mixed garnet crystals. Opt. Mat., 1: 281–298,

1992.

[71] J.F. Dolan, L.A. Kappers, and R.H. Bartram. Pressure and temperature dependence

of chromium photoluminescence in K2NaGaF6: Cr3+. Phys. Rev. B, 33: 7339–7341,

1986.
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