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Optical transitions in Mn 31-doped garnets
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Institut für Laser-Physik, Universita¨t Hamburg, Jungiusstraße 9a, 20355 Hamburg, Germany

~Received 22 July 1997!

The optical spectra of Mn31-doped garnet crystals reveal a large Jahn-Teller stabilization energy of about
1900 cm21 for the 5E ground state, and smaller Jahn-Teller stabilization energies for the excited states, i.e.,
'325 cm21 for the 5T2 , and '180 cm21 for the 1T2 level. The absorption spectra are dominated by the
spin-allowed5E→5T2 transition. At low temperatures, the emission occurs from the1T2 level to the Jahn-
Teller-split ground state and the3T1 intermediate level. With increasing temperature the5T2 level becomes
thermally populated and the emission spectrum is dominated by the spin-allowed5T2→5E transition. The
emission lifetime is nearly independent of the detection wavelength, but strongly dependent of the temperature
and the host lattice. At 12 K the lifetime is'6 ms for all crystals, while at room temperature it is between 1.1
ms for Mn31:Y3Al5O12 and ,0.5ms for Mn31:Gd3Sc2Ga3O12. The radiative lifetimes of the1T2 and 5T2

levels were determined to be about 6 ms and 16ms, respectively. Both the radiative and the nonradiative rate
are temperature dependent due to the coupling of odd-parity and totally-symmetric phonons, and the thermal-
ization of the5T2 level. The nonradiative decay is more pronounced for lower crystal-field strengths, because
of the smaller 5T223T1 energy gap and the higher population of the5T2 level. Excited-state absorption
transitions arising from the energetically lower1T2 in higher lying singlet levels cover the entire spectral range
of the emission; therefore laser oscillation at room temperature is unlikely in Mn31-doped garnets.
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I. INTRODUCTION

The Jahn-Teller effect1 can strongly influence the optica
spectra of transition-metal-ion-doped materials; see, e
Cr21-doped silver halides,2–4 Cr21-doped II-VI semi-
conductors,5 and Ti31-doped sapphire.6–8 The absorption
spectra of the Mn31 ion in octahedral coordination reveal
strong Jahn-Teller distortion in the5E ground state.6,9,10

Mn31 emission at room temperature was observed
Y3Al5O12,

11 however, until now the influence of the Jah
Teller distortion and the thermalization of different ener
levels on the emission characteristic was not investiga
One aim of this work was to develop a model describing
observed optical transitions.

Most transitions of 3d ions in crystals exhibit a strong
electron-phonon coupling. As a result, the observed tra
tions between the different energy levels are broadened.
coupling of odd-parity phonons yields a temperatu
dependent radiative rate,12 while the nonradiative rate in
creases with temperature due to multiphonon processes.13 In
this paper temperature-dependent lifetime and emission
tensity measurements are presented and analyzed in det
model for the description of the observed temperature dep
dencies is developed.

Since the development of the Ti31:Al 2O3 laser,14–17 with
its outstanding tuning range of 670–1100 nm and its h
efficiency, much research has been performed on new
able solid-state lasers for shorter wavelength regions,
Ti31:YAlO3 ~Ref. 18! and V41:Al 2O3.

19 None of them has
been successful yet, mostly because of strong excited-
absorption at the pump or laser wavelength. Moreover, t
able solid-state lasers in the spectral region between 600
700 nm are interesting for a variety of applications, e
display technology, medicine, and spectroscopy. The M31
570163-1829/98/57~4!/2203~14!/$15.00
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ion seems to be an interesting candidate for an active l
center for this spectral region, because its emission co
the entire wavelength region between 550 and 1300 nm.

The crystal-field dependence of the Mn31 energy levels is
shown in the Tanabe-Sugano diagram for ad4 electron
configuration;20 see Fig. 1. The Mn31 energy-level diagram

FIG. 1. Tanabe-Sugano diagram for ad4-electron configuration
in octahedral symmetry.
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TABLE I. Data of the investigated Mn31-doped garnets.

Crystal GSGG YSGG GGG YGG YAG

$C% site Gd Y Gd Y Y
@A# site Sc, Ga Sc, Ga Ga Ga Al
(D) site Ga Ga Ga Ga Al
Lattice constant ~pm! 1259 1243 1238 1228 1200
Melting temperature ~°C! 1850 1780 1730 1790 1930
Density (g/cm3) 6.44 5.26 7.02 5.73 4.55
Growth atmosphere N211%O2 N211%O2 N211%O2 N211%O2 N2

Doping level ~at. %! 0.05 0.05 0.2 0.4 0.4
Mn distribution coefficient 0.124 0.073
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is similar to that of the Cr21 ion ~although the coordination is
different!, which exhibits efficient laser oscillation in II-IV
semiconductors on the5E→5T2 transition.21 Although for a
d4-electron system a large number of energy levels exi
only two of them are quintet states, i.e., the5E ground state
and the5T2 excited state. Therefore, excited-state absorp
transitions from the5T2 into higher-lying levels are expecte
to cover a broad wavelength range, but all of these tra
tions are spin-forbidden; i.e., the excited-state absorp
cross section is expected to be much smaller than the e
sion cross section of the5T2→5E transition. However, in
this paper it will be shown that excited-state transitions fr
other metastable levels prevent laser action in Mn31-doped
garnets.

II. CRYSTAL GROWTH

All crystals under investigation were Mn-doped garne
that are Y3Al2O12 ~YAG!, Y3Ga5O12 ~YGG!, Gd3Ga5O12
~GGG!, Y3Sc2Ga3O12 ~YSGG!, and Gd3Sc2Ga3O12 ~GSGG!.
Garnets are cubic crystals with space groupIa3d ~Oh

10 in
Schoenfliess notation!.22 The stoichiometric formula is
$C%3@A#2~D!3O12, where C, A, and D denote lattice sites
with dodecahedral, octahedral, and tetrahedral coordinati
respectively, and with site symmetriesD2 , C3i , and S4 ,
respectively. The crystals were grown by the Czochra
method using an iridium crucible and rf heating. Some pr
erties of the host crystals are listed in Table I.

In general, manganese ions are found in different vale
states from divalent to septavalent. Therefore, mangan
ions with different valence states are likely incorporated
the crystals, although all constituent ions in the garnet h
crystals are trivalent. In order to stabilize the trivalent sta
an inert growth atmosphere seems reasonable. Howeve
the gallium garnets~YGG, GGG, YSGG, and GSGG! a
slightly oxidizing atmosphere is necessary in order to p
vent Ga-suboxide evaporation from the melt and to achiev
reasonable crystal quality. As a result, Mn41 at octahedral
sites was also found in the spectra of these crystals. Attem
to anneal these crystals in a reducing atmosphere—in o
to achieve a valence change—failed, because of sur
damage of the crystals. The surface damage is most prob
caused by reduction of gallium ions to metallic gallium. F
Mn:YAG and Mn:YSGG, traces of Mn21 were also found
spectroscopically. The Mn31 ions occupy the octahedrall
coordinated lattice site. No hints on dodecahedrally or te
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hedrally coordinated Mn31 were found. The growth condi
tions for the different crystals are also listed in Table I.

The total manganese concentrations in the crystals w
determined for YSGG and YGG with atomic emission spe
troscopy. Therefore, the manganese distribution coefficie
given in Table I have to be considered as upper limits for
Mn31 ion. The observed distribution coefficient is low, a
though the ionic radii of manganese and the constituent
tice ions are rather similar;23 see Table II.

III. SPECTROSCOPIC METHODS AND EXPERIMENTAL
SETUPS

The room-temperature absorption spectra were meas
with a CARY 2400 spectrophotometer. The fluorescen
measurements were performed under argon-ion laser ex
tion at 514.5 nm. The emission was detected with a pho
multiplier with S1 characteristic or a cooled InSb-detecto
which were placed behind a 0.5-m spectrometer. The spe
resolutions were 1.6 nm between 500 and 1000 nm, and
nm between 1000 and 1500 nm. Appropriate optical filt
were used to block scatter light of the excitation beam and
avoid second-order effects. For the low-temperature m
surements, the crystal was placed in a closed-cycle hel
cryostat. In this case the resolutions were 0.8 nm~500–1000
nm!, 1 nm ~1000–1500 nm; YAG and GGG!, and 1.6 nm
~1000–1500 nm; YGG, YSGG, and GSGG!. The
temperature-dependent fluorescence intensity measurem
were carried out with the same setup, but with fixed det
tion wavelengths around 620 and 1120 nm and resolution
1.6 and 4 nm, respectively.

The temperature-dependent lifetime measurements w

TABLE II. Ionic radii of the constituent and substituting ion
~Ref. 23!.

Site Cation
Size
~pm!

Mn21

~pm!
Mn31

~pm!
Mn41

~pm!

C Y31 102 93
Gd31 106

A Al31 53
Ga31 62 83 65 54
Sc31 75

D Al31 39
Ga31 47
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57 2205OPTICAL TRANSITIONS IN Mn31-DOPED GARNETS
carried out under excitation with aQ-switched, frequency-
doubled Nd:YAG laser operating at 532 nm with a pu
length of 10 ns. The crystals were placed again in a clos
cycle helium cryostat.

The excited-state absorption measurements were
formed at room temperature with a pump-and-probe te
nique in the continuous-wave regime. The doub
modulation technique with two lock-in amplifiers was use
described in detail, e.g., in Refs. 24 and 25. Both the diff
ence in the transmitted intensities in the pumped and
pumped case (I p2I u) as well as the transmitted intensi

FIG. 2. Room-temperature absorption spectra of Mn31-doped
garnets.
d-

r-
-

-
,
r-
n-

(I'I p'I u) through the crystal were measured simul
neously. It can be shown that the following equation holds25

I p~l!2I u~l!

I p~l!
}sGSA~l!1sSE~l!2sESA~l!. ~1!

Here,sGSA, sSE, andsESA are the ground-state absorptio
stimulated emission, and excited-state absorption cross
tion, respectively. Pump-and-probe beams were provided
an argon-ion laser operating at 514.5 nm, and a broadb
tungsten lamp, respectively. The transmitted intensities w
measured with a Si detector or a cooled InSb detector, wh
was placed behind a 0.5-m spectrometer. The spectral r
lution was 3.2 nm for the entire spectral range between
and 2000 nm.

IV. RESULTS

The room-temperature absorption spectra are shown
Fig. 2. They are dominated by a strong absorption band w
a maximum around 510 nm, and a bandwidth of ab
4000 cm21. A weaker band is also clearly observed in t
infrared spectral range with a maximum between 1300
1400 nm. In Table III the data of these absorption bands
summarized. Furthermore, a small band around 750 nm
observed in some of the crystals. The strength of this ban
strongly dependent on the treatment of the crystal, and is
correlated with the absorption of the other bands, as can
seen for Mn:YSGG in Fig. 3. Therefore this transition—
probably a charge-transfer transition based on a photoc
matic effect—is not further considered for developing t
Mn model. All spectra exhibit a characteristic feature on t
short-wavelength side of the 500-nm absorption band;
Fig. 4 for the case of Mn:YAG.

The room-temperature emission spectra are shown in
5, and the significant data are listed in Table IV. The spec
are dominated by two bands with maxima around 625~band
1! and around 800 nm~band 2!. For Mn31:YAG, a struc-
tured emission band around 1100 nm is also observed, w
TABLE III. Data of room temperature absorption, corrected for the background absorption.l (E) is the
wavelength~wave number! of the absorption maximum,G is the bandwidth, anda ~s! the absorption
coefficient ~absorption cross section!. The index VIS~IR! indicates the values for the5E→5T2(5E→5E)
transition.DEJT(

5E) is the Jahn-Teller stabilization energy of the5E level.

Crystal GSGG YSGG GGG YGG YAG

lVIS ~nm! 524 515 521 517 510
EVIS (cm21) 19 084 19 417 19 212 19 361 19 608
GVIS (cm21) 4103 4374 4161 4130 3960
aVIS (cm21) 0.36 0.21 2.17 4.02 2.17
sVIS (10220 cm2) 4.5 16.6
l IR ~nm! 1361 1242 1372 1326 1389
EIR (cm21) 7350 8054 7290 7540 7200
G IR (cm21) 3156 3207 3572 3760 3873
G IR /EIR

1/2 (cm21/2) 36.8 35.7 41.8 43.3 45.6
a IR (cm21) 0.04 0.04 0.22 0.34 0.23
s IR (10220 cm2) 0.74 1.31
aVIS /aIR 7.3 6.1 11.5 12.7 9.6
DEJT(

5E) (cm21) 1838 2014 1823 1885 1800



r

a
ls
a
he

an
iu

er
s

ec
s
nd
tu
.
o

ith

tarts
f the
ec-

be

are
he
ot
ue
and

ing
mi-
ted

ed
.
the

p-

ted
n-

e

tu
nc
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is very weak for Mn31:YGG and not observed in the othe
crystals.

The 12-K emission spectra are shown in Fig. 6. The d
are summarized in Tables V and VI. The 12-K spectra a
consist of two bands. However, their energetic positions
significantly shifted into the infrared spectral region. T
maxima at 12 K are around 700~band 3! and 850 nm~band
4!. The infrared band around 1100 nm~band 5! is now strong
in all crystals. The 600- and 800-nm bands completely v
ish. The strong, sharp features around 650 nm in the gall
garnets are due to octahedral Mn41. Mn21 with its typical
emission around 590 nm is observed in YSGG, and v
weakly in YAG. The assignment of these additional band
possible by comparison with data from the literature.11,26–28

In Fig. 7, the temperature dependence of the emission sp
is shown for Mn31:YAG. It is clearly observed that there i
a continuous change of the intensities of the different ba
from low temperature to room temperature. The tempera
dependencies of the emission intensities are shown in Fig
they were measured around 620 nm at the peak of the ro
temperature short wavelength emission~band 1!, and around
1120 nm at the peak of the infrared emission~band 5!. The
intensity of the visible emission band is first increasing w
temperature and then decreasing~the falling edge of

FIG. 3. Influence of the crystal treatment on the absorption sp
trum of Mn: YSGG:~1! After growth. ~2! Part of the crystal stored
under ambient light, after six months.~3! A different part of the
crystal, spectroscopically investigated, after six months.

FIG. 4. Enlarged short wavelength part of the room-tempera
absorption spectrum of Mn:YAG showing the Fano antiresona
at 500 nm.
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Mn:YAG was not measured!. The intensity of the infrared
emission band is highest for low temperatures and then s
to decrease. This behavior of the emission spectra and o
intensities is caused by the thermalization of different el
tronic levels and nonradiative decay processes, as will
discussed in detail in the following sections.

The temperature dependencies of the Mn31 lifetimes are
shown in Fig. 9; the data at 12 K and room temperature
listed in Table VII. The decay times do not depend on t
detection wavelength. The decay of all transitions is n
purely single exponential in all crystals, most probably d
to the coexistence of Mn ions in different valence states
possible energy transfer processes between these ions.

The (I p2I u)/I p spectra@see Eq.~1!# of Mn31 are shown
in Fig. 10. Note that a negative signal means dominat
excited-state absorption, and a positive signal means do
nating ground state absorption bleaching and/or stimula
emission.

V. DISCUSSION

In this section a model for the description of the observ
spectroscopical properties of the Mn31 ions is presented
This model is based on a strong Jahn-Teller distortion of
5E ground state and weak distortions of the5T2 , 1E, 1T2 ,
and 3T1 excited states, resulting from the coupling of«g
modes. In the following, a brief justification for this assum
tion is given.

The Jahn-Teller effect states, that an orbital degenera
electronic level of a many atomic, nonlinear molecule is u
stable against a distortion, which lifts this degeneracy.1 For a
complex center with ideal octahedral symmetryOh the cou-
pling of an«g mode yields a splitting of theE, T1 , andT2

c-

re
e

FIG. 5. Room-temperature emission spectra of Mn31-doped gar-
nets. The sharp features in GSGG are due to a Nd31 contamination.
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TABLE IV. Data of the room-temperature emission~bands 1 and 2!. Abbrevations see caption of Tabl
III. Index 1 ~2! indicates transition5T2→5E8(5T2→5E9). DE(5T2)5E12E2 . DEJT(

5T2) is the Jahn-Teller
stabilization energy of the5T2 level.

Crystal GSGG GGG YSGG YGG YAG

l1 ~nm! 659 654 641 631 620
E1 (cm21) 15 167 15 286 15 601 15 852 16 143
G1 (cm21) 1427 1441 1569 1312 1327
l2 ~nm! 842 826 816 781 758
E2 (cm21) 11 884 12 104 12 254 12 803 13 199
G2 (cm21) 3391 2745 2936 3515 3799
DE(5T2) (cm21) 3283 3182 3347 3049 2944
G2 /G1 , theor 2.61 2.55 2.42 2.36 2.38
G2 /G1 , expt. 2.38 1.90 1.87 2.68 2.86
s1 (10220 cm2) 5.4 4.7 6.7 3.4 3.7
s2 (10220 cm2) 4.1 2.9 5.8 2.4 4.1
s1 /s2 1.31 1.64 1.16 1.43 0.91
s1,eff (10221 cm2) 25.6 4.1 2.9 1.1 0.4
DEJT(

5T2) (cm21) 366 347 348 308 301
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levels, while the coupling of at2g mode yields a splitting of
the T1 andT2 levels only. According to their orbital degen
eracy, theE level splits into two components and theT1 and
T2 levels split into three components. For«g modes the vi-
brational distortions yield a change in the metal ion-liga
distance, while fort2g modes the ligand-metal ion-ligan
angles are affected, leaving the distances unchanged.
result, an«g distortion leads to a much larger Jahn-Tel
stabilization energy than thet2g distortion.29 Therefore, the

FIG. 6. 12-K emission spectra of Mn31-doped garnets. The
sharp features around 590 and 650 nm are caused by Mn21 and
Mn41 ions, respectively.
a

coupling of thet2g modes will be neglected in the furthe
discussion, and only the coupling of«g modes to theE, T1 ,
andT2 levels will be considered. Furthermore, the effect
«g mode coupling is strongest for terms with configuratio
containing an unpaired, antibindingeg electron. It will be
weak for terms containing paired, antibindingeg electrons
and not bindingt2g electrons only.29,30The configurations of
the lowest-energy terms of the Mn31 ion are

5E~5D !:t2g
3 eg ,

5T2~5D !:t2g
2 eg

2,

3T1~3H !:t2g
4 ,

1T2~1I !:t2g
4 ,

1E~1I !:t2g
4 .

Only the 5E level has a configuration with one unpairedeg
electron. Thus the Jahn-Teller stabilization energy is
pected to be highest, while for the other levels smaller sta
lization energies are expected.

Before beginning with the detailed discussion of the sp
troscopic results, it is reasonable to illustrate the model u
for their description, and to make a few general predictio
arising from this model. In Fig. 11, a schematic illustratio
of the effect of the«g mode coupling to the5E and 5T2
energy levels is shown. For the5E ground state, the potentia
surface consists of a rotated parabola around the energy
the so-called ‘‘Mexican hat.’’29 For the 5T2 excited state the
potential surface consists of three distinct paraboloids, i.e
has no rotational symmetry;29 see also Fig. 11. Here«v and
«u are the two normal modes of the degenerated«g mode,
and q(«v) and q(«u) are the corresponding coordinate
which transform like«v and «u . Because of the rotationa
symmetry of the ground-state potential surface, it is su
cient to look at a cut along theq(«u) axis, that is along one
of the axes, where one of the minima of the excited st
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TABLE V. Data of the 12-K emission~bands 3 and 4!. Abbreviations see caption of Table III. Index 3~4!
indicates transition1T2→5E9(1T2→5E8); DE(1T2)5E32E4 ; DEJT(

1T2) is the Jahn-Teller stabilization
energy of the1T2 level.

Crystal GSGG YSGG GGG YGG YAG

l3 ~nm! 677 701 701 709 729
E3 (cm21) 14 780 14 630 14 262 14 112 13 712
G3 (cm21) 1060 1600 1144 1305 1600
l4 ~nm! 801 832 828 843 879
E4 (cm21) 12 490 12 025 12 085 11 865 11 382
G4 (cm21) 2250 2600 2120 2270 2440
DE(1T2) (cm21) 2290 2605 2177 2247 2330
s4 /s3 0.54 0.79 0.88 0.81 0.93
G4 /G3 , theor. 1.91 1.96 1.85 1.85 1.96
G4 /G3 , expt. 2.12 1.63 1.85 1.74 1.53
DEJT(

1T2) (cm21) 178 210 163 167 189
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paraboloids are located. In Fig. 12 the resulting sing
configurational coordinate model is shown schematica
Looking at the wave functions of the5T2 , 3T1 , and 1T2
levels, it can be shown,31 that the paraboloids of the3T1 ,
and 1T2 levels are rotated by 60° with respect to the5T2
paraboloids. Therefore the absolute minima are at nega
q(«u) values. In Fig. 12, the1E level is omitted for simplic-
ity, because it is located approximately 1000 cm21 above the
1T2 level and has not to be taken into account in all furth
considerations.32 Under the assumption of equal force co
stants, the energetic position of the levels are describe
follows @here,q5q(«u) is used for simplicity#:

E~5E8!5c~q2q0!2,

E~5E9!5c~q1q0!2,

E~3T1!5c~q1q3!21E30, ~2!

E~5T2!5c~q2q5!21E50,

E~1T2!5c~q1q1!21E10,

whereq0 , 2q0 , 2q3 , q5 , and2q1 are the coordinates o
the energetic minima of the5E8, 5E9, 3T1 , 5T2 , and 1T2
levels, respectively,E30, E50, and E10 are the energetic
minima of the paraboloids, andc is a constant.

TABLE VI. Data of the 12-K infrared emission~band 5!.
EZPL,1(EZPL,2) and GZPL,1~GZPL,2! are the energetic position an
bandwidth of zero phonon line~ZPL! 1 ~2!, respectively.
DEZPL,1,ZPL,2 is the energetic distance between the zero pho
lines, ands5 /s3 is the ratio between the emission cross sections
transitions 5 and 3.

Crystal GSGG YSGG GGG YGG YAG

EZPL,1 (cm21) 9410 9432 9380 9396 9440
GZPL,1 (cm21) 33 35 23 41 23
EZPL,2 (cm21) 9347 9362 9322 9324 9363
GZPL,2 (cm21) 34 47 24 61 21
DEZPL1,ZPL2 (cm21) 63 70 58 72 77
s5 /s3 65 96 67 52 67
-
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The 5E→5T2 absorption is expected to be very broa
because the5E potential surface has a rotational symme
in the @q(«v),q(«u)# plane. Therefore a large number o
final states in the Jahn-Teller split5T2 level ~three parabo-
loids! exists.

The energyEIR of the 5E8→5E9 absorption band maxi-
mum is given by:

EIR5E~5E9,q5q0!54cq0
2. ~3!

The bandwidth of this transition is proportional to the slo
of the 5E9 level atq5q0 ,

G IR}
dE~5E9!

dq U
q5q0

54cq0 , ~4!

and therefore the relation between the bandwidth and
maximum is given by

G IR

AEIR

5const. ~5!

The emission bands from the5T2 and 1T1 levels arise from
the local minima of the energy paraboloids. Therefore t
emission bands from each level to the two Jahn-Teller-s

FIG. 7. Temperature dependence of the Mn31:YAG emission.
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57 2209OPTICAL TRANSITIONS IN Mn31-DOPED GARNETS
components of the5E ground state are expected. The en
getic differences of the emission peaks of these two ba
are expected to be

DE~5T2!5E~5E9,q5q5!2E~5E8,q5q5!54cq5q0 ,
~6!

DE~1T2!5E~5E8,q52q1!2E~5E9,q52q1!54cq1q0 .

The bandwidth ratioG2 /G1 of the emissions from the5T2

level to the 5E ground state are proportional to the ratio
the slopes of the5E parabolas atq5 , and the bandwidth ratio
G4 /G3 of the emissions from the1T2 level to the5E ground
state are proportional to the ratio of the slopes of the5E
parabolas at2q1 . Therefore, using Eqs.~2! and ~6!, the
bandwidth ratios are

FIG. 8. Temperature dependence of the emission intensities~a!
band 1('625 nm,5T2→5E8); ~b! band 5('1100 nm,1T2→3T1).

FIG. 9. Temperature dependence of Mn31 lifetimes.
-
ds

G2

G1
}UdE~5E9!

dq

dE~5E8!

dq

U
q5q5

U5U~q51q0!

~q52q0!
U5U@EIR1DE~5T2!#

@EIR2DE~5T2!#
U,

G4

G3
}UdE~5E8!

dq

dE~5E9!

dq

U
q52q1

U5U~2q12q0!

~2q11q0!
U5U@EIR1DE~1T2!#

@EIR2DE~1T2!#
U.

~7!

Finally, the Jahn-Teller stabilization energies can be cal
lated:

DEJT~5E!5E~5E8,q50!5cq0
25

EIR

4
,

DEJT~5T2!5E~5T2 ,q50!2E~5T2 ,q5q5!5cq5
2

5
DE~5T2!2

c~4q0!2 5
DE~5T2!2

4EIR
,

FIG. 10. Room-temperature (I p-I u)/I p spectra of Mn31-doped
garnets.

TABLE VII. Decay times at 12 K and at room temperature f
the visible and infrared emission bands.

Crystal GSGG YSGG GGG YGG YAG

t ~12 K! ~ms! 5930 8150 5350 4330 7400
t ~300 K! ~ms! ,0.5 4.7 2.7 104.4 1110



io
n
ls

ls
hn

o
, a
.

th
g-
el
ho
ig

el

is
e

en
al
le

:

tio

of
a
e

tion
the
nd
etic
of
n

the
cu-
e

-

r-

e
m-
has

er-
nds

ts
ti-
r all
the

he
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DEJT~1T2!5E~1T2 ,q50!2E~1T2 ,q5q1!5cq1
2

5
DE~1T2!2

c~4q0!2 5
DE~1T2!2

4EIR
. ~8!

A. Absorption

The dominating band around 500 nm in the absorpt
spectra—see Fig. 2—is assigned to the interconfiguratio
transition between the two Jahn-Teller—split quintet leve
i.e., the5E ground state and the5T2 excited state. The large
bandwidth of '4000 cm21 for all investigated crystals is
caused by the Jahn-Teller splitting of both energy leve
Large bandwidths are typical for transitions between Ja
Teller split levels; see, for example, the2E→2T2 emission
in Ti31:Al 2O3 and Ti31:YAG with bandwidths of 3170 and
3425 cm21, respectively.33 The absorption band shifts t
shorter wavelengths with increasing crystal-field strength
it is expected from the Tanabe-Sugano diagram; see Fig
Note that the crystal-field strength is not proportional to
lattice constant. However, YAG is the crystal with the lar
est, and GSGG the crystal with the smallest, crystal-fi
strength. The energetic position of the feature on the s
wavelength side of this main absorption band—see F
4—is independent of the host crystal, i.e., the crystal-fi
strength. It is assigned to a Fano-antiresonance effect34 be-
tween the 3E and 5T2 levels. This antiresonance effect
based on the mixing between spin-orbit components of th
levels. It is strong near the crossing of a spin-forbidd
crystal-field-independent term with a spin-allowed, cryst
field-dependent term.35 With this antiresonance, it is possib
to estimate the ratio between the crystal field strengthDq
and the Racah parameterB. It is found for the garnets
Dq/B'2.3.

The infrared-absorption band is assigned to a transi
between the two Jahn-Teller-split components of the5E
ground state, as was observed for Mn31 in acidic and aque-
ous solutions in Ref. 10. The large bandwidth
3200– 3900 cm21 of this transition can be explained with
large Jahn-Teller energy, i.e., a large distortion. The shap

FIG. 11. Schematic illustration of«g mode coupling of the5T2

and 5E levels.
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this band is nearly Gaussian, as is expected for a transi
with a large Stokes shift. Here a clear relation between
crystal-field strength and the energetic position of this ba
is not found and also not expected, because the energ
difference between the two Jahn-Teller-split components
the 5E level is determined by the Jahn-Teller stabilizatio
energy. This energy is not necessarily correlated to
crystal-field strength. The stabilization energies were cal
lated with Eq. ~8!, as listed in Table III. The values ar
between 1800 cm21 for YAG and 2014 cm21 for YSGG. In
comparison, for Ti31:Al 2O3 and Ti31:YAG the Jahn-Teller
stabilization energies of the2E excited state were deter
mined to 3081 and 2924 cm21, respectively;33 for
V41:Al 2O3, DEJT(

2E)52810 cm21 was found.19 The ratio
between the bandwidthG IR and the square root of the ene
getic position of the absorption peakEIR should be constant
according to Eq.~4!. As can be seen from Table III, thes
ratios are within reasonable margins. For all of these co
parisons between calculated and experimental values it
to be taken into account that Eqs.~4! and ~8! contain the
peak absorption energyEIR and the bandwidthG IR of the
infrared absorption. Both values have relatively high unc
tainties, because the absorption is rather weak and exte
beyond 2.5mm which is the upper wavelength limit of the
spectrophotometer.

In Table III, the ratios between the absorption coefficien
in the visible and in the infrared are listed for the inves
gated crystals. As expected, they are roughly the same fo
crystals, because both are spin-allowed transitions from

FIG. 12. Single-configurational coordinate model for«g mode
coupling. For simplicity, only one Jahn-Teller component of t
1T2 and 3T1 levels is shown. The1E level is omitted.
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57 2211OPTICAL TRANSITIONS IN Mn31-DOPED GARNETS
Mn31 ground state. The absorption cross sections were
termined from the absorption spectrum and the mangan
concentration in the crystal. For YSGG the peak values
4.5310220 cm2 ~at 517 nm! and 0.74310220 cm2 ~at 1433
nm!. For YGG, they are 16.6310220 cm2 ~at 512 nm! and
1.31310220 cm2 ~at 1326 nm!. These values have to be co
sidered as lower limits, because only the total mangan
concentration, i.e., Mn21, Mn31, and Mn41, was deter-
mined.

B. Room-temperature emission

The room-temperature emission consists of two band
the visible spectral range with maxima around 630 and
nm. These bands dominate at elevated temperatures, be
the emission from the1T2 level is spin forbidden. The1T2
emission can only be seen at low temperatures, when
population of the5T2 level is small ~see Sec. V C!. The
bands at 630 and 800 nm are due to the transitions betw
the 5T2 excited state and the two components of the Ja
Teller-split 5E ground state. They exhibit a blueshift wit
increasing crystal-field strength as expected from
Tanabe-Sugano diagram and from the absorption spe
The band shapes are Gaussian with bandwidths of a
1420 (5T2→5E8) and 3300 cm21 (5T2→5E9). In compari-
son, for the2T2→2E absorption in Ti3:Al2O3 bandwidths of
1000 and 1300 cm21 were determined.33 The difference in
the bandwidths for the Mn31 emission is much larger be
cause of the larger Jahn-Teller stabilization energy: For
Mn31-doped garnets,DEJT(

5T2) is between 300 and
366 cm21 @calculated with Eq.~8!# and therefore three time
higher thanDEJT(

2T2)'100 cm21 for Ti31:Al 2O3.
33

The ratio between the bandwidths was also calcula
from the energetic difference between the two emiss
maxima DE(5T2) and the peak of the infrared absorptio
@see Eq.~7!# and compared with the experimentally dete
mined ratios. The results are listed in Table IV. For YA
YGG, and GSGG, the agreement is satisfactory, while
YSGG and GGG the deviations are rather large. Howe
here again it has to be considered, that Eq.~7! contains the
energetic position of the infrared-absorption peak, which
large error bars. Furthermore, the short wavelength par
the emission in Mn31:YSGG is overlapped by Mn21 and/or
Mn41 emission~see Fig. 5!, which could yield an overesti
mation ofG1 .

C. Low-temperature emission

The low-temperature emission spectra of the Mn31 ion
consists of transitions from the1T2 energy level. The5T2
level is not populated at these temperatures, and therefor
emission from this level is observed. The energetic dista
between the1T2 and 5T2 will be determined later from spec
troscopic data and from the temperature dependence o
lifetime. The double-structured band with maxima arou
700 and 850 nm~see Fig. 6! is caused by transitions into th
Jahn-Teller-split components of the5E ground state. In con-
trast to the room-temperature emission spectra, these
temperature bands exhibit a redshift with increasing crys
field strength. This can easily be explained by inspection
the Tanabe-Sugano diagram~Fig. 1!. The 1T2 level has an
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inverse crystal-field dependence in comparison to the5T2
level, i.e., with increasing crystal-field strength the energe
position of the1T2 level is decreased with respect to the5E
ground state. As in Sec. IV B the experimentally determin
bandwidth ratio can also be compared with the calcula
one using Eq.~7!. As can be seen in Table V, the agreeme
is satisfactory for all crystals. Larger deviations only appe
for YAG and YSGG. The reason for the large deviatio
there is not yet clear.

D. Infrared emission

The third strong band in the low-temperature emiss
spectra is in the infrared spectral region around 1150 n
This band is assigned to the transition between the1T2 and
3T1 levels. As expected from the Tanabe-Sugano diagr
~Fig. 1!, the energetic position of this band is nearly ind
pendent of the crystal-field strength, i.e., the host crys
because both levels have the same crystal-field depende
Furthermore, they exhibit a smaller bandwidth and a disti
tive phonon sideband structure. In all investigated syste
two zero-phonon lines are clearly observed with an energ
distance of about 70 cm21. The intensity ratio of these two
lines is temperature independent. Therefore a splitting of
energetically higher1T2 is excluded. Two different emitting
centers are also rather unlikely, because in the garnet s
ture different centers are not expected, especially not in Y
and YGG. Therefore, a splitting of the3T1 level is very
likely. It is not clear whether spin-orbit coupling or lowerin
of the crystal-field symmetry accounts for the observed sp
ting. The Ham effect,36 i.e., the reduction of the spin-orbi
splitting because of a Jahn-Teller distortion, should play
inferior role in this case of small Jahn-Teller energies, so t
a spin-orbit splitting of 70 cm21 is a reasonable value. On th
other hand, a crystal-field splitting into two energy levels
expected for a symmetry reduction fromOh to C3i . Since
the observed Jahn-Teller splitting is small, this static crys
field symmetry reduction should also be taken into accou
The phonon sideband structure is nearly identical for all
vestigated crystals; see Fig. 6. Therefore, the coup
phonons are assigned to modes of the (MnO6!

92 complex.
However, a more detailed analysis of the sideband struc
and the symmetry of the coupling phonons is beyond
scope of this paper, and will not be given here.

E. Temperature dependence of the emission

The temperature-dependent emission spectra of
Mn31-doped garnets, shown in Fig. 7 for Mn31:YAG, are in
perfect agreement with the above-developed model. At 12
only the 1T2 level is occupied, and the emission consists
three bands, as described in the Secs. V C and V D. As
temperature is increased, the5T2 level is thermally popu-
lated, so that at 250 K the quintet emission bands around
and 780 nm appear. At room temperature, the spectra
dominated by these emission bands only. The temperatur
the emission onset depends on the energetic difference
tween the 1T2 and 5T2 levels, i.e., on the crystal-field
strength and consequently on the host crystal. This can
seen in Fig. 8, where the intensity of the 620-nm emiss
band is shown as a function of temperature. The inten
rises up to a host specific temperature. Afterwards it
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2212 57KÜCK, HARTUNG, HURLING, PETERMANN, AND HUBER
creases again, because then strong nonradiative decay
cesses dominate, as will be discussed in Sec. V F. The in
red emission intensity, on the other hand, remains cons
for low temperatures. At higher temperatures the inten
drops due to a smaller population in this level. Further
crease of the temperature yields a drastic intensity decr
due to strong nonradiative decay processes. In GS
YSGG, and GGG, the intensity of this infrared emissi
band finally drops below the detection limit of the detecto

F. Temperature dependence of the lifetime

The emission lifetimes of the Mn31-doped garnets are
strongly dependent on the temperature, and at higher t
peratures also on the host lattice. At low temperatures,
decay times are a few milliseconds for all investigated cr
tals, while at room temperature the lifetimes decrease and
between 1.1 m for Mn:YAG and,0.5ms for Mn:GGG, see
Table VII. In general, for the description of the temperatu
dependence of emission lifetimes, temperature-dependen
diative and nonradiative rates have to be considered. In
case of the Mn31 ion; the thermal coupling between the di
ferent excited levels plays also an important role. The rad
tive rate increases drastically due to the population of
5T2 level, which enables the spin-allowed transition into t
5E ground states; see Secs. V B and V C. Thus

Wr ,0~T!5

3Ws115Wq expS 2
DE

kT D
3115 expS 2

DE

kT D , ~9!

whereWr ,0(T) is the total static radiative rate, andWs and
Wq are the static radiative rates from the1T2 and 5T2 , re-
spectively,DE is the energetic distance between1T2 and
5T2 , 3 and 15 are the degeneracies of the two levels,
3115 exp(2DE/kT) is the partition function.

In a crystal field with inversion symmetry, the 3d inner-
shell transitions are magnetic dipole allowed only. Howev
coupling of odd-parity phonons to these transitions indu
vibronically electric-dipole transition probability. This i
taken into account with a coth factor for the temperat
dependence of the radiative rate:12

Wr~T!5Wr ,0~T!cothS Evib

2kTD

5

H 3Ws115Wq expS 2
DE

kT D J cothS Evib

2kTD
3115 expS 2

DE

kT D ,

~10!

whereEvib is the energy of the coupling odd-parity phono
For simplification, a single effective phonon energy is a
sumed for the coupling to the involved energy levels.

The radiative transitions were described under the
sumption of «g mode coupling. However, looking at th
single configurational coordinate model for«g mode cou-
pling, nonradiative decay processes are unlikely, because
energy gaps between the energy levels are rather high
ro-
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Fig. 12. So, for the description of the temperature-depend
nonradiative decay rates,a1g mode coupling has to be con
sidered. The single configurational coordinate model for t
totally symmetric phonon coupling is shown in Fig. 13. He
a strong temperature-dependent quenching process bet
the 5T2 and 3T1 levels is possible. Since both levels have
inverse crystal-field dependence, this also explains the
matic influence of the crystal-field strength on the observ
emission intensities~see Fig. 8!, and on the lifetimes. Be-
cause this quenching process occurs from the5T2 level, the
thermal population has also to be taken into account, i.e.,
energetic distance between the1T2 and 5T2 levels. In the
following, the temperature dependence of the nonradia
decay rate will be derived with the Struck-Fonger mode13

For simplification of the model, harmonic potentials a
equal force constants in the ground and excited states
assumed. Within the Stirling approximation~valid for p*
.1!, the total nonradiative rate can then be expres
by37–40

Wnr5Rnr exp~2S^2m11&!
exp~p* !

A2pp*
S 2S^11m&

p1p* D p

3

15 expS 2
DE

kT D
3115 expS 2

DE

kT D , ~11!

with

FIG. 13. Single-configurational coordinate model fora1g mode
coupling. The arrows indicate the shift of the5T2 and 3T1 levels
with decreasing crystal-field strength.
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TABLE VIII. Fit parameter describing the temperature-dependent decay rate. For explanations, se

Crystal GSGG YSGG GGG YGG YAG

1/t rad,1 ~1/s! 168 118 185 226 135
1/t rad,5 ~1/s! 68 400 62 700 90 000 47 800 45 300
hvvib (cm21) 155 155 155 155 155
DE (cm21) 351 900 900 1030 1290
hv (cm21) 306 306 306 306
Rnr ~1/s! 1014 1014 1014 1014

p 21 22 22 26
S 4 4.12 4.12 4.84
Tnr ~K! 90 130 160 230 300
h ,0.05 ,0.05 ,0.05 0.4 1
DE(1T225T2),
~calculated from
spectroscopic data!

(cm21) 267 642 1124 1621 2348
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p* 5Ap214S2^11m&^m&,

^m&5
r

12r
5

1

expS \v

kT D21

,

r 5expS 2
\v

kT D ,

whereRnr is the nonradiative decay constant ('1014 Hz), S
is the Huang-Rhys parameter,p is the number of phonon
bridging the energy gapEgap between the5T2 and 3T1 lev-
els,\v is the energy of the effective phonon, andDE is the
energetic distance between1T2 and 5T2 .

Thus the total decay rate is given by:

W~T!5Wr~T!1Wnr~T!

5

H 3Ws115Wq expS 2
DE

kT D J cothS Evib

2kTD
3115 expS 2

DE

kT D
1Rnr exp~2S^2m11&!

exp~p* !

A2pp*
S 2S^11m&

p1p* D p

3

15 expS 2
DE

kT D
3115 expS 2

DE

kT D . ~12!

The temperature dependence of the decay rate is there
described with eight parameters, i.e.,Ws , Wq , DE, Evib ,
Rnr , S, p, and\v. However, not all parameters are indepe
dent of each other, i.e., the relation between the energy
and the number of phonons isp\v5Egap ~see Fig. 13!. Fur-
thermore, some parameters are set constant for all crys
i.e.,Evib , \v, andRnr (51014 Hz).13 Finally, it was assumed
that the decay at 12 K is pure radiative, i.e.,t(12 K)21

5Ws . In general, all variations of the parameters should
small, because all host crystals are garnets. OnlyDE and p
re

-
ap

ls,

e

depend significantly on the host crystal. After these cons
erations, the measured lifetimes and transitions rates wer
The best fit was achieved with the parameters listed in Ta
VIII; the fit curves are shown in Fig. 14. The agreeme
between the calculated lifetimes~rates! with the experimen-
tally determined ones are satisfactory. It is important to no
that the value of the parameters do not change very m
between the crystals, i.e., the model seems to be consi
and valid to describe the situation in the Mn31-doped mate-
rials. For comparison, the energetic distanceDE between the
5T2 and 1T1 minima can also be calculated from the spe
troscopic results using some geometrical consideration~see
Fig. 12!:

DE5@E501DEJT~
5T2!#2@E101DEJT~

1T2!#

5E11E~5E8,q5q5!1DEJT~
5T2!2E3

2E~5E9,q52q1!2DEJT~
1T2!

5E12E312@DEJT~
5T2!2DEJT~

1T2!#

1 1
2 @DE~1T2!2DE~5T2!#. ~13!

In Table VIII, both values forDE are listed. Although there
is a considerable difference between these values, it sh
be noted, that both exhibit the expected correlation betw
the crystal field strength and activation energyDE. Further-
more, it has to be considered that in the Struck-Fonger mo
only one effective phonon is considered, and therefore o
an effective activation energy is determined. For the eval
tion of the laser potential of Mr31-doped garnets, the quan
tum efficiencyh is an important parameter. It is defined a

h5
Wrad

W
. ~14!

For low temperatures, the quantum efficiency is assume
be unity for all investigated crystals. This is expected, b
cause the energy gaps between the energy levels involve
the nonradiative decay processes are large, and at low
peratures only1T2 is populated. The quantum efficiency d
creases with temperature because of an efficient quenc
process between the5T2 level and the 3T1 level. The
quenching process starts at a host-specific temperatureTnr ,
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FIG. 14. Lifetimes and decay rates of Mn31-doped garnets. Solid lines are the fitted curves according to Eq.~12!, and dashed lines are
the radiative rates only. The parameters are listed in Table VIII.
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which is between 90 K for GSGG and'300 K for YAG. At
room temperature, the quantum efficiencies are near 1
YAG, around 0.4 for YGG, and below 0.05 for YSGG
GSGG, and GGG, see Table VIII. As far as the quant
efficiency is concerned alone, efficient laser oscillati
should only be achievable with Mn31:YAG and Mn31:YGG,
while for GGG, YSGG, and GSGG the low value of th
quantum efficiency yields an enormous increase in
threshold pump power. On the other hand, especially
YAG and YGG the5T2 level is only weakly populated be
cause of the largeDE. As a result, the effective cross se
tions are very small. In Fig. 15 the temperature depende
of the quantum efficiency is shown. This quenching behav
or

e
n

ce
r

with temperature and crystal-field strength is not unusual
transition metal ions in crystals. However, for Mn31-doped
materials the effect of both temperature and crystal fi
strength is very pronounced. Looking at the Tanabe-Sug
diagram~Fig. 1!, this quenching process is expected to o
cur. The energy gap between5T2 and 3T1 decreases dra
matically with decreasing crystal field, because of the inve
crystal-field behavior of both levels.

G. Emission cross sections

The emission cross sectionsem(n) is proportional to the
emission intensityI em(n). The absolute values forsem(n)
can be determined with help of the quantum efficiency41
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sem5bhS c

nnD 2 I em~n!

8ptE I em~n!dn

, ~15!

whereb is the branching ratio,h the quantum efficiency,c
the velocity of light,n the frequency,n the refractive index,
and t the lifetime. For the room-temperature emission, i.
the emission from the5T2 level, the branching ratiob is 0.5,
because the relaxation takes place to the two componen
the Jahn-Teller-split5E ground state. The results for th
bands 1 and 2 are listed in Table IV. The cross sections
of the order of 5310220 cm2, i.e., slightly higher than the
4T2→4A2 emission cross sections for the Cr31 ion in GSGG
of about 1.1310220 cm2.42 However, like in the Cr31-doped
garnets and Cr31-doped alexandrite, the effective emissio
cross sections at room temperature are the relevant value
the evaluation of Mn31-doped garnets as possible laser m
terials, that is the thermal population of the metastable5T2
level has to be considered. Thus

sem,eff~l!5sem~l!

15 expS 2
DE

kT D
3115 expS 2

DE

kT D , ~16!

whereDE is the energetic difference between the1T2 and
5T2 levels determined from the temperature dependenc
the lifetime; see Eq.~12!. These effective emission cros
sections at room temperature are also given in Table IV.
expected, these values are lowest for YAG and YGG,
cause of the largerDE, which yields a small population o
the 5T2 level. In principle, the room-temperature emissi
cross section of the5T2→5E transition can also be dete
mined from the reciprocity of the absorption and emiss
spectra. Thus

sem~5T2→5E!5 2
3 sabs~

5E→5T2!, ~17!

where sem and sabs are the emission and absorption cro
sections of the5E↔5T2 transitions, respectively, and23 is the
ratio of the degeneracies of the5E and 5T2 levels. For
Mn31:YGG and Mn31:YSGG the emission cross sections a
determined to be 11310220 and 3310220 cm2, respectively.
They are in reasonable agreement with the values determ
from Eq. ~15!, taking into account the uncertainty in th

FIG. 15. Temperature dependence of the Mn31 quantum effi-
ciency.
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determination of the absorption cross section and the qu
tum efficiency, see Secs. V A and V F.

At low temperatures, three emission bands are obser
i.e., 1T2→5E8, 1T2→5E9, and 1T2→3T1 . In general, the
cross sections of these transitions are expected to be at
two orders of magnitude smaller thansem(5T2→5E), be-
cause they are spin forbidden withDS52(1T2→5E) and
DS51(1T2→3T1). Therefore, here only the ratios betwee
the cross sections will be given as determined by
Füchtbauer-Ladenburg law:43,44

sem~l!}I ~l!l5, ~18!

where I (l) is the emission intensity. As expected from th
comparison ofDS51 with DS52, s5 /s3'50– 100, while
s3 ands4 have the same order of magnitude; see Tables
and V.

H. Excited-state absorption

The (I p2I u)/I p spectra of all Mn31-doped garnets revea
strong excited-state absorption within the whole visib
emission range of the Mn31 ion, see Fig. 10. Since only on
excited quintet state5T2 with small Jahn-Teller splitting ex-
ists, no strong transitions arising from this level should
observed. The observed transitions are therefore assigne
transitions from the1T2 level into higher-lying singlet states
The Tanabe-Sugano diagram~Fig. 1! indicates a variety of
singlet states. An exact assignment to specific transition
not possible, because of the expected Jahn-Teller splittin
all these levels. Only the remarkable feature in the infra
spectral region around 1335 nm is most probably the tra
tion to the 1A1(1G) level, because of its small bandwidt
and energetic position. Ground-state absorption bleachin
observed for Mn31:YAG in the visible and in the infrared
spectral range, according to the transitions5E→5T2 and
5E→5E. Stimulated emission is not observed in the spec
i.e., it is totally covered by strong excited-state absorpt
processes. Therefore in the whole series of investiga
Mn31-doped garnets crystals, laser oscillation at room te
perature will not be possible.

VI. SUMMARY AND OUTLOOK

Mn31-doped garnet crystals were spectroscopically inv
tigated in the visible and near-infrared spectral ranges.
observed spectroscopic characteristics can be explained
a strong Jahn-Teller splitting in the5E ground state, and
weaker Jahn-Teller splittings of the5T2 , 1T2 , and 3T1 ex-
cited states. The agreement between the theoretical pre
tions from«g-mode coupling and the measurements is sa
factory. Emissions occur from the1T2 level and the5T2
level into the energetically lower-lying3T1 and 5E levels.
Thermalization of the5T2 and 1T2 levels is clearly observed
in the emission spectra and the temperature dependenc
the emission intensity. The temperature dependence of
emission lifetimes can be described with satisfactory agr
ment with a model including the thermal activation of th
5T2 level, the temperature dependent radiative rate—cau
by odd-parity phonon coupling—and temperature-depend
nonradiative rates. The quantum efficiencies at room te
perature are near unity for Mn:YAG, and below 0.05 f
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Mn-doped GGG, YSGG, and GSGG. We emphasize that
observed optical spectra are based on the Jahn-Teller s
ting of the energy levels according to an«g-mode coupling,
while the nonradiative decay processes are dominated bya1g
mode coupling. Strong excited-state absorption due
singlet-singlet transitions overlaps the spectral regions
emission, therefore laser oscillation is not expected in th
materials. To avoid excited-state absorption, a lower cry
field is necessary in order to have the5T2 level as lowest
metastable level. In this case, the excited-state absorptio
reduced, because from the5T2 only spin forbidden transi-
tions to higher-lying levels occur. However, in this case t
quantum efficiency is expected to be even less than
Mn:GSGG. As a consequence, low-phonon host latti
the
plit-

to
of
se
tal

n is

e
for
es

should be preferred, e.g., fluorides, which would decrease
nonradiative decay processes. Another possible way wo
be the use of host lattices with strong polarization-depend
optical spectra, in order to achieve a high polarized quin
quintet emission cross section with a simultaneously low
cited state absorption cross section in this polarization a
high quantum efficiencies. However, since the5T2 level will
only be thermally populated in this case, only a small gain
expected.
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