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We have spectroscopically studied the photoinduced color center in Mnyy Ah® promising material for
holographic data storage. We have proved that grayish-bluish coloration in photoexposed Mni¥éi@ to
Mn°* ions in octahedral sites. We assign the main features observed in the absorption and emission spectra of
photodarkened Mn:YAIQto the *T,(t3), 3T,(t,e), 3Ty(t,€), Ay (t3), and3A,(e?) excited states of M.
We show that MA" ions can be stabilized in Mn:YAlQcodoped with Ca ions and in the crystals grown in
reducing atmosphere and subsequently annealed in air at 310-460 °C.

. INTRODUCTION ing of Mn:YAIO5 with Ca and Ce ions or annealing in air of
Mn:YAIO; crystal grown in reducing atmosphgithe gray-
The optical properties of Mn:YAlI@have been studied in ish coloration in the samples is permanémbt erasable by
the recent publication? It has been shown that yellowish heaj. We show that characteristic permanent coloration in
Mn:YAIO ; (grown in the oxidizing atmospherender pho-  these crystals is also due to Rinions. The mechanisms of
toexcitation with green laser light changes the color to graychemical stabilization of M} valence state in YAIQ are
ish or dark-grayish-bluish, depending on the exposure. Undeadiscussed.
photoexcitation of the sample with two mutually coherent |n a large number of publications, tetragonally coordi-
laser beams an efficient diffraction grating, accompanyinthated Mi?* in different hosts was studied as a potential ac-
periodical photocoloration, is created in the crystalThe tive ion for solid-state lasers. The laser operation of Mim
long storage time of gray coloratigmore than one year at Bay(VO,),, Sk(VO,),, and Sg(VO,)sF has been reported by
room temperatujein combination with the possibility of Merkle et al. in Refs. 16-18. Although, as we show in this
quick fully reversible erasing of the coloration a250°C  paper, the emission in Mn:YAIQis very weak, the spectro-
makes the crystal a promising material for holographic opti-scopic study of MA" in octahedral coordination in YalO
cal storage:? (which is complimentary to that in tetrahedral coordination

As it was suggested in Refs. 1 and 2, the photoinducegh other crystalscan be of interest to the laser community.
color change of the crystal is due to photoionization of'Mn

that is present in as grown YAkxrystal (Mrf+—Mn®").3

The detailed spectroscopic study of different manganese
valence states coexisting in YA}ds necessary for better YAIO; is an orthorhombic crystal with the space group
understanding of the mechanisms of photoinduced gratin@’bnm.19 YO, polyhedron is strongly distorted with eight
recording in the material. The properties of ¥n Mn3*, oxygen ions being located closer tdYions (average dis-
and Mrf™ ions in YAIO; have been discussed in detail in tance 2.28 Aand four oxygen ions being further away at the
Refs. 4 and 5. average distance of 3.13A. As a result of the distortion, the

In the present work we study the photoinduced color cencoordination number of ¥ is close to 8 and the ionic radius
ter that is responsible for grayish-bluish coloration and conof Y3* in such coordination is equal to 1.019°AAI®" sites
clude that its main spectroscopic properties correspond tm YAIO; have almost ideal octahedral symmetry. As it has
those of Mi?* in distorted octahedral environment. Our con- been discussed in Refs. 4 and 5, ‘Vrions in Mn-doped
clusion is based on: YAIO; occupy Al site and Mfi* ions occupy the Y site. In

(1) A good agreement between the energy positions of thectahedral coordination the radius of #nion is equal to
experimentally observed spectroscopic features and those53 A and in eightfold coordination the size of the #Mrion

II. EXPERIMENTAL SAMPLES AND TECHNIQUES

calculated according to the Tanabe-Sugano model; is equal to 0.96 &° Apparently, M ions provide charge
(2) The absence of tetrahedral sites in YALO compensation for MA@ ions, while some portion of MH
(3) The obvious likeness of the absorption and emissiorcontent is compensated by traps.

spectra of photodarkened Mn:YAJOwith those of MR* The major part of experimental studies in this paper was

ions in tetrahedral coordinatibr® and \?* and TP" ions in  done using Mn:YAIQ crystals growr(at the Center for Ma-
octahedral coordinatiot?1° (According to Ref. 6, spectro- terials Research, Norfolk State Universitin oxidizing,
scopically there are apparent similarities between the octahé¥,+0.2%0,, atmosphere. As grown yellowish Mn:YAIO
dral and tetrahedral systems. Rn V3", and T#* ions have  crystals had high-optical quality. The concentration of Mn
the same electronic configurationgd. ions in the melt was equal to 0.5% and the concentration of
We found that under certain synthesis conditié¢csdop-  Mn ions in the crystal was about 10% of that in the melt. The
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detailed account of the crystal-growth procedure and the
spectroscopic properties of Khions (which determine yel-
lowish coloration of as grown crystals given in Ref. 4. In
this paper by saying Mn:YAIQwe mean the crystals grown

in oxidizing atmosphere unless otherwise is stated.

Some of Mn:YAIQ; samples were codoped with Ce, Ca,
and Ce+Ca ions. As was shown in Ref. 5, the introduction
of Ce ions to the crystal reduces the valence ofMions to
Mn3*,  apparently due to the reaction TeMn**
—Ceé"+Mn*. As it will be shown in Sec. V, the codoping
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of the crystals with divalent Ca ions shifts manganese va- Wave number (')
lence state to 5. . .
We compared the properties of Mn:YAi@amples grown FIG. 1. Main frame: Traces 1-6-room-temperature absorption

spectra of strongly photoexposddt A =514.5nm) Mn:YAIQ,.
1—kllc, Ella, Hllb; 2—kllc, Ellb, Hlla; 3—klla, Ellic, Hilb; 4—kKlla,
Ellb, Hllc; 5—kllb, Ellc, Hlla; 6—Kkllb, Ella, Hllc (wherea, b, andc
are the orthogonal crystallographic axes of the crystallaril and
are the light propagation direction, polarization of the electric

in oxidizing atmosphere with those of a sample grqaiithe
Institute of Laser Physics, Hamburg University reducing
atmosphere, N+1%H,. The optical quality of the crystals
grown in reducing atmosphere was poorer than of thos
grown in oxidizing atmosphere. V.Ve found a 5|gn|.f|.cant dif- field, and polarization of the magnetic field, respectiyeljrace
ferer]ce between crystals grown in d'fferem, conditions. Th —room-temperature absorption spectrum of the same not exposed
heating on a hot plate, which erases photoinduced gray COlyystal:kic, Ella, Hilb. Inset: the same spectra in the exposed crys-
oration in the crystals grown in oxidizing atmosphere, pro-i5 at 77 K.
duces an intense permanent gray coloration in the crystals
grown in reducing atmosphere. In all the crystals manganesgovers much wider spectral range than that of unexposed
was added to the charge in the form of MnO crystal. The main features in the absorption spectrum of Fig.

In this paper, the polarized absorption measurements werkare listed in Table |. Note that the spectra corresponding to
carried out using the ultraviolet-visible-infrared spectropho-the same polarization of the electric vectrbut different
tometer Cary 5G from Varian. polarizations of the magnetic vectét, in general, do not

In the emission studies the crystals were excited with seceoincide, see Fig. 1. This implies the presence of the mag-
ond harmonic of @-switched Nd:YAG lasefQuanta Ray- netic dipole component in the absorption spectrum.
GCR-170 or cw Ar+ laser light. The emitted light was fo- The absorption spectrum taken at 14 K reveals a weak and
cused into a 0.46-m monochromattBpex-HR 460 The  sharp peak at 1138 n8810 cm 1) accompanied by several
long-pass glass filter was used to avoid second-order gratingss intense Stokes and anti-Stokes lines, see Fig. 2.
effects. The emission was searched in visible and near infra- Several weak sharp peaks at 205I0°, 20.70x 10°,
red ranges of the spectrum using a photomultiplier {820  24.43x 1%, and 21.9% 10°cm™! can be found in the low-
cathodg¢ and InGa - ,As detector, respectively. temperaturé77 K) absorption spectrum &ila. These peaks

In low-temperature experiments the samples were imare shown with better resolution in Fig. 3.
mersed in liquid nitrogen or cooled in a helium cryostatto 14 |n Mn:YAIO; there are two very strong-absorption bands
K. (KI&%<250 cm 1) centered at=190 and 290 nrii.Both of

To erase photoinduced grayish coloration in the sampleghem are apparently due to metal-oxygen charge transfer
grown in oxidizing atmosphere and produce grayish colora{cT).?* |n strongly photoexcited (dark ~grayish-bluish
tion in the samples grown in the reducing atmosphere, W@&amples the intensity of the 290-nm CT band reduces along
heat treated the crystals in &ion the hot plateat 310—  wjth the reduction in MA" concentratior. It has been con-
460°C. The heat exposure in different experiments varie@|yded that this absorption band is partially due to

between 10 and 60 min. Mn**—oxygen CT or MA'—oxygen CT* As follows
from the absorption spectrum in Fig. 4, despite the reduction
lll. EXPERIMENTAL RESULTS IN Mn:YAIO 5 of the gbsorpt_lon mtensny in the photoexposed sample in
GROWN IN OXIDIZING ATMOSPHERE comparison with that in the unexposed sample>&8 000

cm ! (which is in accordance with Ref.))4the absorption

The absorption spectrum of strongly photoexposed darlntensity in darkened crystal is stronger than that in unillu-
grayish-bluish Mn:YAIQ crystal grown in oxidizing atmo- minated one between X110° and 28<10°cm L. This im-
sphere is compared to that of yellowiglas grown or plies that the 2k 10°-to-28x 10° cm™ ! absorption in photo-
bleachedl sample in Fig. 1. Six traced—6) in Fig. 1 corre-  darkened sample is primarily not due to CT transitions but
spond to three different orientations of light polarizatien due to transitions between crystal field states of the same ion
(along three crystallographic axes of the crystahd two (we hint at M?*) that is responsible for photocoloration of
different light propagation directions for each polarization.the crystal.
The same spectra taken at liquid nitrogen temperature are At the excitation of photoexposed Mn:YAl@rystal with
given in the inset in Fig. 1. According to Ref. 4, six corre- short light pulses=10 ns at 532 nm, the predominating emis-
sponding room-temperature absorption spectra of not exsion signal is from MA" ions. Mrf* emission in YAIQ,
posed Mn:YAIQ; are almost identical to each other. One of peaking at room temperature at 715 nm, was discussed in
them is shown in Fig. 1, trace 7. As follows from Fig. 1, the detail in Refs. 1, 2, and 4. At low temperatures, 14 and 77 K,
absorption of illuminated sample is much more intense andery weak emission with the maximum at 1.}4n was
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TABLE I. Experimentally observed spectroscopic features in photodarkened MnzY&JCtheir spectral position€), and assignment
(3). Column 4—calculated positions of the energy levels obtained from the best fit of the experimental data and the Tanabe-Sugano diagram
(calculated aC/B=5). Dq=1240cm* andB=524 cm .

1 2 3 4
Experimentally observed spectral Spectral position Assignment of the transition Spectral position
feature (experimental, (calculated from the Tanabe-
cm! Sugano diagraimcm*
Weak absorption and emission line 8.79x 1¢° 3T,(PF)—1T,(*D) 8.67x 10°
at 1138 nm with satellite peaks, #1
Wide absorption band #2 1.x710 3T, (3F)—=3T,(3F) 1.14x10*
Wide absorption band #3 1.58.0¢ T,C3F)—=3T,(3P) 1.82x10*
Wide absorption band #4 1.8510
Group of sharp weak absorption 20.57x 10°, TR —=A(*G) 1.82x 10
lines #5 20.70x 10%,
21.43<10°,
21.95< 10°
Wide stuctureless absorption wing ~2.6x10 5T,(3F)—3A,(%F) 2.38x10¢
#6

found in the crystal, Fig. 2. No emission in the same spectrabctahedral coordination, &T;(t3) and the lowestD singlet
range was observed at room temperature. The intensity @xcited state is'T,(t3), see the Tanabe-Sugano diagram in
1.14um emission was many orders of magnitude weakelrig. 5. We attribute the 77-K emission and the 14-K emis-
than that of 715-nm emission. One of the strongest linesjon and absorption at 1120-1180 nm, Fig. 2, to the intra-
(1138 nm in the 14-K emission spectrum corresponds to theconfigurational ~ transition T,(t2)—°3T4(t3). A similar
strongest line in the 14-K absorption spectrum, Fig. 2. Ap-ginglet-triplet sharp spectral line in the >710°— 10
parently, this is the zero-phonon line of the electronic tran-. 103 cm1 range was observed ind3 ions in octahedral

sition. o S o [VERALOLM  VETIYRALO, Y VETIK,NaSck, B
No other significant emission signals were found in thev3+:CszLiScCI6 13 \3*:CslilnCle, V3 :CsLiScBr, 12
crystal. Ti2*:MgCl, (Ref. 15] and tetrahedral (MH in Y,SiOs,’

_ The main 1_‘ea_tures in the visible and near infrared absorpépatites, spodiosites, andMO,
tion and emission spectra of the exposed Mn:YAl&e
summarized in Table I.

-type lattice§®) coordina-
tion. This narrow-line absorption and emission definitely
cannot belong to MK (3d®) ion, since MA™ emission in
YAIO; is known to occur at=715 nm? Besides, we are not
IV. DISCUSSION aware of any 8% ion in laser related hosts that has emission
beyond 1um. The strong line seen in the absorption and
emission at 1136 nn{~8.80x10°cm™ %), Fig. 2, is appar-
ently the zero-phonon line of th&T,(t3)—3T,(t2) transi-
Assuming that the optical active center predominating intion. This is the shortest wavelength line in the 14-K emis-
the absorption spectra of photoinduced Mn:YAI® Mn>"  sion spectrum. This implies the absence of anti-Stokes
(we will prove this assumption in this and the next subsecwvibronic lines, which is not surprising at 14 K. We assume
tions), its ground state, the ground state of th@’3on in  that in Fig. 2 the absorption lines at shorter wavelengths than
1136 nm and the emission lines at longer wavelengths than

4.1 Assignment of the absorption and emission features
in Mn:YAIO ,

4.0 {254 12040 1765 1154 11206 to3es 19758 1136 nm have vibronic origin or are due to the transitions
= 3 em- . . . . .
S : 1149 1136 1124 am Emission, involving spin-orbit components or crystal-field components
é py i 1135.7 nm | retun
£ 10 8810 cm’! |8 500 488 476 4865 455 444 nm
Woos 2.5 ! 1 i 1 i
0.0 ‘
T 0.08 " T e s gy L6 231 ‘
= = 2.1
§0.044 La 3
=4 ~ 1.9+
g 2 H 1.7 4
.2 0.02 n é .
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-0.02 1.1 T T T r T
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FIG. 2. Main frame: The 14-K emission spectrift) and ab- FIG. 3. The fragment of the 77-K absorption spectrum of ex-

sorption spectrunf2) of strongly exposed Mi®.5%):YAIO ;. Inset: posed Mn:YAIQ(klic, Ella) recorded with higher resolution, 0.5
The same emission spectrum at 77 K. nm.
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Dqy/B
(in a symmetry lower thar®,) of the ground and excited
states. To distinguish between the possible mechanisms FIG. 5. The Tanabe-Sugano energy level diagram ofiasys-
above one should perform careful studies of the emissioffM in an octahedral crystal fielecalculated forC/B=5). The
versus temperature, polarization, etc. Unfortunately, becaué?é)r'zomal d_a_lshed lines correspond to the ex_perlmentally measured
of the extreme weakness of tHé'z(tg)H?’Tl(tg) emission  €nergy posnllonsr?cif' the states. The vertical line corresponds to the
signal, this is not feasible. Thus, all the three possibilitiescrys’tal field in MY":YAIO .
above remain open. The relatively strong absorption lines
seen above 1136 nm may imply the presence of several ditm 1) (Ref. 13 and in CaVO,Cl in tetrahedral coordination
ferent types of MA™ centers in YAIQ (at cryogenic tem- (AE~3,700 cni?).® The relatively smaller splitting, of the
perature. This explanation is consistent with the fact that order of several hundred wave numbers, was observed in
three types of Mfi" centers exist in Mn:YAIQ at 77 K different crystals doped with & ions occupying(mostly

We assign absorption band #2 (2x10°cm™), Fig. 1,  rigonally) distorted octahedral sites| V3*:Al 05,1011
to the spin-allowed transitiodT,(t3) —*T(t,€) and assign  v3+:y A0, 12 V3*:CsLiScCly ™ V3 :Cs,LilnClg, 12
the poorly resolved band #4<25x 10° cm ™) to the transi-  \/3+.cs,LiScBrg,** and TA*:MgCl, (Ref. 14].
tion °T,(t3)—3A,(e?). The °T,(t5)—°A,(e?) transition is According to the Tanabe-Sugano diagram, Fig. 5, the en-
a two-electron excitation and, as such, is e_xpected to b_@rgy of the IevellAl(tg) has only very weak dependence on
weak. However, as it can b_e estimated from.F|g. 4, the maxig, o crystal field(a similar situation also takes place in tetra-
mum intensity of photoinduced coloration at-26.3 hedral sites Thus, one should expect that the spin forbidden

x10°cm! is approximately 2.5 times higher than that at L . )
15.5¢ 10°— 16.0 10° cm L. One can speculate that the rela- transTon t2>etw_een the tnp_let ground sta_lte and the excited
state “A,(t5) will be seen in the absorption spectrum as a

tively high intensity of this transition in respect to that of the . X
v y P sharp-weak peak. The fine structuire some cases not show-

3T,(t5)—3T,(t,€) transition, observed experimentally, is I i tervalatiributed to the transit
because its intensity-stealing ability may be enhanced by itd'd aml/ reguiar energy in ervafa riouted fo the transition
to the 'A; level was observed ind ions occupying octa-

proximity to CT bands(In principle, one cannot exclude the : 3. i

possibility of MrP*—oxygen CT in the vicinity of 26 hedrsa}rl sites[V éAIZO%+(Ref- 19] and tetJrrahedraI sites

x10Pcm L. However, the absorption intensity at 26 [Mn”":C&VO,ClL> Mn>":¥YSiOs" and MrP*:St5(VO,)5F

% 10% cm~! seems to be too small for a CT band. (Ref. 9] in the spectral range between tid&, and 3T,
Bands #3 and #4 can be interpreted as the orbital compabsorption bands*° or overlapping the®T, absorption

nents of the®T,(t2)—3T,(t,€) transition that is split due to band?

some distortion of the M octahedron. We believe that the [N our crystals, we did not see any sharp peaks in the

spliting of the 3T,(t,e) excited state is large~2.5 spectral range between thd, and T, absorption bands.

X 10°cm ™%, giving rise to the bands at 15&L0° and 18 However, the set of unevenly spaced weak sharp lines was

% 10®cm™L. In principle, if the symmetry of the Mii site is  observed overimposed the high-energy wing of fig(t.e€)

low enough, the’T,(t,e) level can be split into three orbital band, Fig. 3. We tentatively associate these peaks with the

components. If we assume that the spectral bands corréransition®T(t3)— *A(t3). As it was suggested in Ref. 6, a

sponding to these three components are polarization depefine  structure in  the broad-band absorption of

dent, this would explain some varianc€500 cm}) in the Mn°*:CaVO,Cl, that does not show any regular energy in-

maximum positions of the 15:%510° and 18<10°cm ! tervals, can be due to the mixing of the broad-band spin

bands experimentally observed in different polarizationsallowed transition and the ‘‘groundstate’*A,(t3) excita-

Fig. 1. In this scenario, the 155L0° and 18<10°cm™*  tion. The same explanation can also be valid in the case of

bands apparently represent two strongest components in ther experiment.

3T1(t2e) splitting. Thus, according to our spectroscopic measurements and
Note that the splitting of the excitedT, state was ob- assignments, the energy states in photodarkened

served in various crystals, for example, in,dScBrg in Mn®>*:YAIO ; correspond to those of M in distorted octa-

trigonally distorted octahedral coordinationAE~1000 hedral coordination and are arranged in the following order:



1888 NOGINOV, LOUTTS, NOGINOVA, HURLING, AND KUCK PRB 61

sz(tg), (not seem 1E(t§), STz(tze), strongly spIit 41333 1000 800 667 571 500 444 400 nm
3T,(t,€), *A(t3), and3A,(e?). Spin-forbidden and, hence, 3.5 <
weak bands'T,(t,e) and 'T,(t,€) (not seen in the specfra = °]
are apparently located between the levélg,(t,e), and 22'::
3A,(€?). (Note that the distortion of Mii containing octa- &,
hedra in photodarkened YAIQis not surprising. For ex- & 1]
ample, the distortion of Mn sites in YAlDwas observed in 0.5 1
the crystal codoped with Mn and Ce idnand, at liquid 0 ' ' ' ‘ ‘ '
7500 10000 12500 15000 17500 20000 22500 25000

nitrogen temperature, in single Mn-doped YAI¢)

Wave numbers (cm™)
FIG. 6. Tra@ 1 - room-temperature absorption spectrum of the

4.2 Comparison to the Tanabe-Sugano diagram Mn(0.5%):Ce(0.499:Ca0.5%9:YAIO 5; trace 2 - scaled absorption
In accordance with Refs. 22—24. we calculated théMn spectrum of MA" in yellowish Mn(0.5%9:YAIO;; trace 3 - scaled
energy states{Tanabe-Sugéno diaéranﬁor an octahedral absorption spectrum of M in photodarkened Mi®.5%):YAIO g;
field in the cubic approximation. The calculation was donetraoe 4 - the sum of traces 2 and 3. All ion concentrations are given
for the ratio of theppRacah par;’:lmeteﬁs and B equal to according to the melt. Spectra are takerkig andEllc. Trace 5 -
. . . absorption spectrum of MA.5%),Ca1%):YAIO 5.
C/B=5. According to Ref. 22, the ratiG/B in a large num- P P M0.5%,Ca1%) s

ber of transition-metal ion-doped crystals is 4 to 5. Thus, we ., . 13
believe thatC/B=5 is a reasonable first approximation ap- in V=":CsLiScBre. |~ The reason for the smaliness of the

plicable to MF*:YAIO . parameteiDq in Mn®*:YAIO is not quite understood yet.
In the computational routine we varied the Racah param-

eterB and the crystal-fieldDq, trying to get the best fit to the 4.3 Discussion of the energy position and luminescence

experimentally determined positions of the levélg,(*D), from the T, level

3 3 3 3 3 3 mimi
o of the calulatodiexparimental energy miemaich for tha,, Our CTAlve conclusion that the level (1) in
5+_ . 3 . - .
37.(3P) level. the o Spit Components at 180" om 1 MNn®*:YAIO, is lower than3T,(t,e) is consistent with the
1 ] ) , absence of any detectable broad band luminescence in the
and 1.85<10%* cm ! were taken(in two alternative calcula- crystal. In fact, the maximum of th&T (tz)—>3T (t2) emis-
tions) with weights 2:1 and 1:2, since the degeneracy of un,- % Mnrﬁ:Y’Aloa is at 8.73¢ 10° cm2*12¢5\nd th(la rr21aximum

perturbed and unsplieT,(3P) level is equal to three. At 3+ oo 3 o it
C/B=5, we obtained the best fit &=524cm ! and Dq Zf the T&(tz)H T2(tfe|)(_ abso_rg;tlon IS at= 12%{&0;;”12'
=1240 cm ! when the 1.5% 10* and 1.85<10* cm™ ! bands pparéntly, ~€ven taking nto accoun arTy(t3)

3 . . . B .
are accounted with the weights 1:2. Correspondingly, the” T,(t,e) is the interconfigurational transition and the ac-

2 .

calculated position of théT,(°P) level was much closer to {Ual €nergy gap betweetTy(t5) and *Ty(tz€) is less than
1.85<10'cm ! than to 1.55%10°cmL. The energy-level 3-3% 10°cm™Y, the value of this energy gap is large enough
positions calculated at these values of the fitting parameterl® keep the population of the levéT(t,€) negligibly small.

are reasonably close to those experimentally measuretﬁ\,no'[,o,her possible reason preventing us from observation of
Table I. The reasonably good agreement between the expetl€ “T2(t2€) Iuminescence can be a strong nonradiative
ment and calculation confirms our statement that the obduenching of this level. As it is shown in Ref. 6, at room
served spectroscopic features in photodarkened Mn:¥AlOtemperature the rate of the nonradiative quenching of e

are predominantly due to M# in distorted octahedral coor- luminescence in G&¥O,Cl is two orders of magnitude
dination (Al sites). higher than the rate of the radiative process.

The largest mismatch between the calculations and ex- In many crystals with 82 ions substituted into octahedral
periment is in the energy ofA,(1G) level. However, it is  Sites the rate of théT,(t5)— T () transition is very low.
known from the literature that the energy of this level is For example, the radiative lifetime was estimated to be equal
usually poorly reproduced from ligand-field calculatidhg.  to 109 ms in TH:MgCl,,'* 18 ms in \P*:K,LiScClg,** 12
Since the maximum of théA,(3F) absorption band is ex- MSs in CsLilnCl, (site 3,"* and 13.5 ms in V*:Cs,LiScClg
perimentally determined with rather low accuracy, Fig. 4, the(site 1.%°
obtained agreement between the calculated and experimental To estimate the radiative decay rateat the 3T,(t5)
positions of this level is fair enough. —>1T2(t§) transition, we integrated the absorption spectrum

(Note that a slightly better fit of the experimental resultsin Fig. 6(b) (fk(A)d\) and substituted the obtained value in
and the Tanabe-Sugano diagram could be obtained at ttitke formula
larger value ofC/B (with the optimum atC/B~8). The

value of the paramete€/B~8 is close to that determined (fk(\)d\)8mcn?
for Mn®":Sr5(PQ)5F in Ref. 9. However, a discussion about A= - : 1)
the physical reason for such a large valueCéB is beyond NA

the scope of this paper. _

The determined paramet@q=1240cm? is less than Wwherek(\) is the absorption coefficienty is the central
that in Mrf*:YAIO 3 [2115 cm * Ref. 4]. [However, itis still ~ wavelength of the transitiort, is the speed of lightn is the
larger thanDq for some other @2 ions in octahedral coor- refraction index, andN is the concentration of M ions.

dination, 1018 cm' in Ti?*:MgCl, (Ref. 19 and 1085 cm®  Taking into account thah~1136 nm, n~1.9, andN~5
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x10¥cm ™2 (the total Mn concentration in the crystal was 42000 1333 1000 800 667 571 500 444 400 364 nm
~1x10¥cm 2 and Mrf* concentration was approximately e
equal to a half of this valyewe calculatedA to be equal to
A~310s?! and r=A"!'~3.2ms. The luminescence with
such a long radiative lifetime can easily be quenched by
various nonradiative processes, resulting in very low-
luminescence quantum vyield. Two possible nonradiative re-  o.s1

I
n

Absorption (cm™")
- w

laxation mechanisms for the singlet state in Whdoped 04 : : i : , , , : o

Crystals discussed in Ref. 6 afi¢ direct nonradiative relax- 5000 7500 10000 12500 15000 17500 20000 22500 25000 27500
H -1

ation to the ground state when a nornahonor) mode of a Wave number (o)

complex directly cquples the_excited state to the ground state g5 7 Room-temperature absorption spectrum of nominally
(which would riequwe a special symmetry of a phopand 54, Mmn-doped YAIQ grown in reducing atmosphere. Traces 1 and
(ii) drain of the™T, population via thermal coupling with the 5 _ slightly photoexposed crystal before the heat treatment; trace 3 -
3T, state followed by(radiative or nonradiativerelaxation absorption of the overheated crystalhole samplg trace 4 - ab-
of *T,. Apparently, this coupling should be rather weak. sorption of the inner part of the overheated crystal:grae absorp-
However, it can be strong enough to compete with very slowvtion of the (outep thin slice of the overheated crystahe scale for
radiative relaxation of'T,. Note that very low!T,(t3) this trace is on the right-hand side of the pldtrace 1 -Ellc, traces
emission intensity has been reported i#\AI,O; (Ref. 1)  2-5 -Ellb.
and \VB*:Y,Al:0,, (Ref. 12 (octahedral sites in both cages
trivalent yttrium ion in the crystal, forms a negatively
V. STABILIZED MANGANESE 5 + VALENCE STATE charge_d center_. Apparen:[rly, this 5n+egatively c_h_arg_ed center
IN Ca CODOPED CRYSTALS helps in oxujatmn of MA" to Mn®" and stabilization of
manganese in the+s valence state. One can also speculate
As it was discussed in Ref. 5, Mn:YAlOcrystals that uncompensated negative Ca-based centers are respon-
codoped with Ce ions have pinkish color instead of yellow-sible for the very strong-absorption band, probably belong-
ish color. Both Mt* and Mr?* ions are seen in the absorp- ing to some CT transition, in the short-wavelength range of
tion spectra of such crystalsApparently, Mri* ions appear the spectrun(Fig. 6, trace 5 Following this scenario, the
in Ce codoped crystals as a result of the reactiorCT absorption band disappea(sig. 6, trace 1 when the
Ce+Mn*"—Ceé""+Mn3*.° In opposite, a YAIQ crystal  effective concentration of ions serving as donors of electrons
(grown in oxidizing atmosphejavith nominal concentration (Mn, Ce is higher that the concentrations of Ca-based nega-
(in the mely of Mn ions equal to 0.5%, Ce ions equal to tive centers. Unfortunately, the lack of the knowledge of ex-
0.4%, and Ca ions equal to 0.5% has dark grayish-brownishct concentrations of Mn, Ce, and Ca ions in our crystals
color. Its room-temperature absorption spectrum is shown imloes not allow us to develop the model in greater detail.
Fig. 6, trace 1. In the spectrum of Fig. 6 one can seéMn
absorption peak at=21x10°cm * (~0.48um) and the VI. STABILIZED Mn 5* IONS IN Mn:YAIO 4
peak cklaracterlstlc to Mi ions _cent_ered at~16 GROWN IN REDUCING ATMOSPHERE
x10°cm ! (=0.625um), compare with Fig. 1. Traces 2
and 3 in Fig. 6 are, correspondingly, the absorption spectra The sample of nominally 2% doped Mn:YA{@rown in
of Mn** ions in yellowish Mr{0.5%:YAIO, crystal and reducing atmosphere was brought to spectroscopic investiga-
Mn°* ions in photodarkened M0.5%):YAIO 5 crystal scaled  tion several months after it was synthesized. During that time
to fit (when added togethethe absorption spectrum repre- the crystal was occasionally exposed to room light. The crys-
sented by trace 1. The perfect agreement of the experimenttdl at this initial stage was lightly grayish. This color is typi-
(trace 1 and fitted(trace 4 spectra in Fig. 6 is the evidence cal to low-Mn-doped YAIQ crystals exposed to sunlight or
that the spectrum of Mn,Ce,Ca:YAlQds the combination of room light. The polarized absorption spectra of the sample at
Mn“** absorption and M} absorption. this initial stage are shown in Fig. 7, traces 1 and 2. They
The dark coloration of Mn,Ce,Ca:YAKXTannot be erased show Mrf* absorption band at20.5x< 10° cm ™, Mn®" ab-
by heat. Thus, the presence of Ca ions stabilizes manganeserption band at=15.5x 10°— 16x 10° cm™! (compare with
5+ valence state in the crystal. Under photoexcitation in theFig. 1), the doublet of sharp weak lines at24.3
wavelength range below550 nm the photoinduced MA X 10°cm™! (412 nm (we attribute it to MA™ ions in yttrium
absorption(additional to that present in as-grown crystal positions, Ref. § and a wing of very strong-absorption band
appears in the sample. The photoinduced component afxtending from ultraviolet. The M absorption intensity in
Mn®>* absorption can be easily erased by heaf50°0, traces 1 and 2 is much smaller than that in nominally 0.5%
similar to the photocoloration in single Mn-doped Mn-doped YAIQ; grown in oxidizing atmospherésee Fig.
YAIO ;. 1>*However, chemically stabilized fraction of Mh  1). The MrP™ absorption in the crystal, determining together

absorption in Mn,Ce,Ca:YAIQis persistent. with Mn** absorption very light grayish coloration of the
The absorption spectrum of Mh5%),Ca1%):YAIO;  sample, was weak too.
(both concentrations are given according to the malt The exposure of the sample with green"Aaser light did

shown in Fig. 6, trace 5. One can see that in this crystalpot produce any dramatic changes to the crystal color and
Mn** and Mr°* absorption bands are concealed under thespectrum, that was typical to Mn:YAlOsamples with low-
wing of a very strong-absorption band centered in ultravioletMn*" concentration.

We hypothesize that divalent calcium ion, substituting To erase MR’ grayish coloration in the crystal, we
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heated the sample on the hot plate~e810 °C for approxi- in reducing atmosphere and does not occur in Mn:YAIO
mately 10 min.(We routinely used the same type of heatgrown in oxidizing atmosphere.
treatment to erase photoinduced coloration in all our crystals
grown in oxidizing atmospherngAfter this heating procedure VIl. SUMMARY
the crystal became lightly yellowish with a slight trace of
gray color. This was the expected result of the coloration In the present paper we studied spectroscopic properties
erasing experiment. The change of the color to yellowishof photoinduced color centers in Mn:YAK&nd showed that
implied the reduction of M absorption. However, the they correspond to those of Mhions in octahedral sites.
traces of gray coloration indicated that small Mrconcen-  We assign the main features observed in the absorption and
tration still remained in the crystal. emission spectra of strongly photoexposed Mn:YAt@the
To remove the residual traces of Rfnabsorption, we set following excited energy statesT 2(t§),3T2(t2e), strongly
up the sample on the hot plate and heated it at the secorgplit 3T,(t,e), *A;(t3), and 3A,(e?). We attribute the
time at ~460 °C for approximately 45 min. To our great strong splitting of the’T,(t,e) excited state to the distortion
surprise, the crystal after this second heat treatment becana@ Mn°>" octahedral site. The character of the distortion of
dark gray, much darker than it was initially before the firstMn>* containing octahedron in Mn:YAIQ apparently
heating. This never happened to our Mn:YAl@rystals changes with temperature. We discuss the possible position
grown in oxidizing atmosphere. The absorption spectrum obf Mn>*:YAIO; in Tanabe-Sugano diagram and the reasons
the overheated dark gray crystat Ellb) is shown in Fig. 7,  for low-quantum yield of MA" emission. We also describe
trace 3. This spectrum is typical to M see Fig. 1(The  two examples when Mt ions are chemically stabilized in
absorption spectrum of the overheated crystal in polarizatiolmn:YAIO; as a result of codoping of the crystals with Ca
Ellc was also characteristic to Mf.) ions or annealing of the crystalgrown in reducing atmo-
We then cut two thin<<1 mm) slices from two opposite spherg in air at 310-460 °C.
parallel faces of the sample and found that the inside volume Note added in proofThe orientation of the crystallo-
of the crystal was light grayish yellowish, whereas the outefgraphic axes in YAIQ crystals was studied using Rigaku
layer (several hundred of micrometg¢raas very dark. The x-ray set up with an attachment for Laue measurements.
spectrum of the inner part of the overheated crystal is show(This study was done by Hands P. Jenssen of CREOL, Uni-
in Fig. 7, trace 4. One can see that Mrabsorption in trace  versity of Central Florida. This measurements has shown
4 is smaller than that in traces 1 and 2. The absorption speghat the axisa is oriented along the boule. All the YAID
trum of the thin outer slice of the crystal is shown in Fig. 7, crystals grown have the oval cross section. The larger oval
trace 5. To calculate the absorption coefficient in trace 5, weadius points in the direction and the smaller radius points
accounted for the thickness of the slice, 0.83 mm. Howeverin the b direction (Pbnmnotation. The fact that the lattice
since the effective depth of the dark colorated layer was apparameters “c” is larger than the lattice parameter “b” is in
parently less than 0.83 mm, the maximum absorption coeffiine with the later observation. The NMR studies of
cient in the layer close to the crystal surface was even highayin:YAIO ; have shown that the Laue determination of the
than that in trace SObviously, the absorption coefficient in crystallographic axes is in agreement with that done in Ref.
trace 3 was calculated accounting for the total length of the@g. (The NMR studies were done by Natalia Noginova. The
crystal) results will be published separatélyNote that in our several
The dark coloration in the thin skin layer stayed in theprevious publication$?4%?” following Ref. 28, we deter-
crystal permanently and could not be further removed bymined the crystallographic axes in YAiboules based on
either short-time or long-time heating in the air. the orientation of twin planes and characteristic rhombic dis-
Thus, as follows from this particular experiment, the |ocation pits that could be seen on specially oriented YAIO
short-time (=10 min) heat treatment erases photoinducedyafers after etching. Unfortunately, that determination was
Mn®* coloration in Mn:YAIO; grown in reducing atmo- not correct. In publications cited in Refs. 1,2,4,5,27 the axes
sphere, similarly to that it does in crystals grown in oxidizing grientations should be corrected as foll OB — Crew DPoid
atmosphere. In parallel with this, the permanent intense_>anew Cold— bnew (Her subscript “old” refers to the erro-
Mn°* coloration appears in thin layer close to the crystalneous determination used in Refs. 1,2,4,5,27 and subcript

surface. This type of thin skin coloration has never beennew refers to the correct axes determination done with the
observed after the heat treatment in Mn:YAl@rystals  x-ray Laue method.

grown in oxidizing atmosphere.
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